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FOREWORD 

The  subject  to  be  discussed  at  this  Symposium  is  perhaps  typical  of  many  new  spe¬ 
cialties,  most  of  them  non-existent  in  their  present  form  only  a  decade  or  two  ago. 

Created  by  the  recent  incredibly  rapid  expansion  of  science  and  technology,  these  can  be 
likened  to  sparks  flying  in  all  directions  from  an  exploding  firecracker.  The  lifetime  of 
sparks  is  usually  short,  but  while  they  last,  it  may  be  worthwhile  looking  in  detail  at 
this  or  that  one  in  hopes  of  learning  not  only  about  it,  but  also  others  like  it. 

Radar  reflectivity  measurements  typically  have  strong  ties  to  the  more  general  tech¬ 
nology  of  electromagnetism  and  optics,  and  to  such  established  specialties  as  ar.tenna 
measurements  and  optical  scattering.  Like  many  other  technologies  with  which  it  has 
teamed  to  create  new  and  spectacular  devices  and  systems,  it  has  received  concentrated, 
almost  feverish  attention  simultaneously  by  many  groups  of  workers.  Unfortunately,  this 
single  minded  concentration,  which  has  been  responsible  for  many  individual  successes, 
has  also,  in  many  cases,  prevented  the  persons  involved  from  engaging  in  dialogue  or 
other  forms  of  communication  with  colleagues  engaged  in  parallel  endeavors.  Considera¬ 
tions  of  official  or  commercial  secrecy  also  seem  to  have  played  a  negative  role  occasion¬ 
ally  in  inhibiting  beneficial  discussion  and  exchanges  of  opinions  and  results. 

In  surveying  recent  history,  one  might  argue  that  the  experimental  technology  of 
radar  reflectivity  measurements  has,  in  the  United  States,  experienced  at  least  two  peaks 
of  activity.  Broadly  speaking,  the  first  peak  coincided  with  our  rearmament  following 
the  beginning  of  the  Korean  War,  when  weapons  systems  centered  on  aircraft  posed  many 
new  technical  problems.  The  second  peak  was  triggered  about  ten  years  later  by  the 
introduction  of  complex  missile  systems,  especially  of  the  ballistic  variety.  The  sub¬ 
sequent  appearance  of  satellites,  spacecraft,  and  a  growing  interest  in  the  exploration  of 
celestial  objects  (only  recently  within  the  exclusive  domain  of  the  astronomer)  may 
serve  to  extend  this  second  epoch  of  radar  reflectivity  technology;  it  may  even  introduce 
a  third  era. 

Whether  to  conclude  a  chapter,  then,  or  perhaps  even  a  book  in  the  history  of  a  highly 
specialized  technology,  or  to  aid  in  erecting  a  springboard  for  a  new  departure,  this  seems 
to  some  of  us  a  propitious  time  to  "stop,  look,  and  listen."  That  is  why  a  very  capable 
and  distinguished  group  drawn  from  the  numerous  industrious  workers  in  the  field  con¬ 
sented  some  time  ago  to  join  in  organiz.ng  the  attempt  at  technical  mass -communications 
represented  by  this  Symposium.  In  this,  all  of  us  have  also  benefited  by  the  generous 
cooperation  of  a  number  of  U.  3.  Government  aod  non-profit  organizations;  both  the  in¬ 
dividuals  and  organizations  referred  to  are  listed  below. 

The  attention  of  those  about  to  peruse  the  subsequent  collection  of  dozens  of  excel¬ 
lent  papers  is  directed  to  the  following  important  distinction:  this  collection  does  not 
constitute  the  Symposium;  at  best,  it  can  be  but  an  incomplete  anthology.  What  js 
hoped  is  that  this  collection  will  contribute  a  valuable  cornerstone  to  the  Symposium  as 
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a  whole.  The  structure,  the  very  essence,  of  the  Symposium  remains  to  be  fashioned  by 
those  of  you  who  will  attend  and  participate  in  its  discussions.  The  more  actively  and 
intelligently  you  take  part,  the  more  you  will  benefit  yourself,  your  colleagues,  your 
special  field  of  endeavor,  and  your  profession,  through  this,  your  Symposium  on  Radar 
Reflectivity  Measurements 
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ABSTRACT 

This  report  is  a  collection  of  technical  papers  which  will  be  reviewed  and  discussed 
at  the  Symposium  on  Radar  Reflectivity  Measurement  on  June  2-4,  1964  at  M.l.T. 

Lincoln  Laboratory. 

The  prime  goal  of  the  symposium  is  the  exchange  of  ideas  and  information  relative 
to  research  efforts,  past,  present  and  future  in  the  field  of  radar  reflectivity  measurements. 
The  technical  papers  dwell  on  the  following  reflectivity  range  subjects:  geometry  and 
techniques,  special  equipment,  models,  model  supports,  special  materials,  calibration, 
range  intercalibration,  measurement  proceedings,  data  standards,  correlations  and 
applications. 
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SECTION  I 

REFLECTIVITY  MEASUREMENTS'PAST,  PRESENT,  FUTURE 

Pon*l  Chairman:  A.C.  Diana 


SOME  NOTES  ON  THE  HISTORY  OF 
RADAR  REFLECTIVITY  MEASUREMENTS  USING  MODELS 

George  Sinclair 

University  of  Toronto 
Toronto,  Canada 

When  radar  equipment  came  into  common  use  during  World  War  II,  there  immediately 
arose  a  need  for  detailed  information  on  the  radar  echo  areas  of  various  targets.  While 
some  of  the  information  was  obtainable  from  measurements  made  with  operating  radar 
systems,  it  was  quite  apparent  that  it  was  essential  to  develop  methods  for  making  measure 
ments  in  the  laboratory  under  controlled  conditions.  Model  techniques  which  had  already 
proven  so  successful  in  the  study  of  airborne  antennas,  seemed  to  offer  a  logical  answer 
to  the  problem. 

One  of  the  earliest  investigations  was  based  on  the  use  of  optical  models  to  simulate 
radar  targets.  While  useful  information  could  be  obtained,  such  models  suffered  from  the 
lack  of  coherent  sources  of  monochromatic  radiation,  and  from  the  extreme  amount  of 
scaling  involved  which  made  it  difficult  to  produce  an  accurate  simulation  of  practical 
targets. 

The  development  of  model  techniques  at  radio  frequencies  originated  as  a  result  of  a 
study  on  methods  of  measuring  antenna  patterns  by  a  technique  involving  reradiation  of 
the  received  antenna  power.  The  field  reradiated  by  the  antenna  was  distinguished  from 
the  radar  echo  field  by  modulating  the  antenna  power  before  radiating  it. 

In  the  early  days  of  radar,  it  was  not  practical  to  use  pulse  techniques  for  laboratory 
measurements  on  models  because  of  the  difficulty  in  obtaining  pulses  which  were  suffi¬ 
ciently  short  as  to  permit  operating  at  reasonably  small  distances  to  the  model  target.  It 
was  necessary  to  employ  CW  methods,  using  directional  couplers  of  extremely  high  direc¬ 
tivities  to  separate  the  echo  signal  from  the  transmitted  signal.  There  were  severe  equip¬ 
ment  requirements  arising  from  the  use  of  these  couplers. 

The  successful  development  of  model  techniques  made  it  possible  to  consider  measur¬ 
ing  the  complete  scattering  matrix.  Methods  were  developed  for  treating  radar  systems  of 
arbitrary  polarization  characteristics,  operating  against  targets  with  arbitrary  scattering 
matrices. 


METHODS  OF  MEASURING  SCATTERED  FIELDS 

(A  Historical  Survey  of  the  Development  at  Harvard  University) 

by 

Keigo  lizulta 

(A)  INTRODUCTION 

Toward  che  end  of  world  war  II  both  theoretical  and  experimental 
studies  of  scattering  and  diffraction  were  accelerated  in  various  institu¬ 
tions  due  to  the  invention  of  RADAR.  Harvard  University  was  not  an  exception. 
The  first  paper  on  this  subject  at  this  institution  is  dated  as  early  as 
1948  (1).  Theoretical  studies  at  Harvard  were  focused  on  scattering  and 
diffraction  from  obstacles  of  very  simple  shapes  and  structures  most  of 
whose  mathematical  solutions  could  be  expressed  in  closed  forms.  This 
approach  was  based  on  the  philosophy  that  only  through  profound  and  thorough 
understanding  of  the  simpler  cases  could  light  be  thrown  on  the  complexity 
of  actual  physical  situations.  The  shapes  and  structures  for  which 
theoretical  studies  have  been  attempted  include  the  following; 

(1)  A  general  description  of  the  diffracted  field  of  circular  cylinder 
of  infinite  length  with  either  magnetic  orelectric  field  parallel  to 
the  axis.  This  was  also  extended  to  the  dielectric  coated  cylinder. 

(2)  Theories  of  diffraction  and  scattering  for  both  bare  and  dielectric 
coated  spheres. 

(3)  A  general  study  of  the  diffracted  field  of  the  elliptic  cylinder; 
this  has  been  extended  to  other  general  cases. 

(4)  Theory  (19,  20,  21,  22)  of  scattering  and  diffractions  by  parallel 
circular  cylinders,  thin  wires  and  strips. 

(5)  Theory  (23  -  38)  of  transmission  scattering  and  diffraction  by 


miscellaneous  obstacles  such  as  loaded  dipoles,  slotted  cylinders, 
Unidirectionally  conducting  screens,  various  apertures  etc. 

For  the  verification  of  the  theories  developed  and  the  study 
of  more  complicated  problems  which  do  not  permit  a  simple  mathematical 
analysis,  various  experimental  techniques  for  measuring  back-scattering 
cross  sections  and  the  diffracted  field  were  developed.  These  include; 

(1)  Standi.ng-wave-ratio  method. 

(2)  Cancellation  method. 

(3)  Partial  reflection  method. 

(4)  Doppler-shif t  method. 

(5)  Pulse-technique  method. 

(6)  Application  of  scattering  technique  to  field  measurements. 

In  the  following,  an  outline  of  each  technique  developed  or 
to  which  substantial  contributions  were  made  at  Harvard  for  measuring 
back  ocattering  cross  sections  and  diffracted  fields  will  be  given.  Most 
of  the  methods  employed  an  image-plane  technique  so  that  all  auxiliary 
apparatus  could  be  arranged  under  a  ground  plane.  Only  the  obstacle  under 
study,  the  source  and  a  receiving  antenna  or  probe  were  above  the  ground 
plane.  This  technique,  however,  restricts  the  shapes  of  the  obstacle  to 
those  characterized  by  a  plane  of  symmetry  and  the  polarization  of  the  E 
field  to  the  one  perpendicular  to  the  ground  plane.  In  most  cases,  the 
same  method  can  be  utilized  with  or  without  the  image  plane  but  extreme 
care  must  be  taken  with  regard  to  the  disturbances  in  the  field  caused  by 
the  auxiliary  equipments;  especially  by  lead  wires  to  the  probes  which 
usually  cannot  be  made  small  enough  to  be  of  insignificant  effect  even 
though  the  effect  of  the  probe  itself  could  be  made  negligible. 
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(B)  STANDING-WAVE  RATIO  METHOD  (D.D.  King  (39),  A.  L.  Aden  (  12) 


Just  as  a  standing  wave  ratio  inside  a  waveguide  determines  the 
reflection  coefficient  of  the  load,  the  standing  wave  ratio  consisting  of 
the  incident  traveling  wave  and  reflected  traveling  wave  in  the  space 
between  the  source  and  the  obstacle  under  test,  determines  a  reflection 
coefficient  of  the  obstacle  from  which  it  is  possible  to  calculate  the 
back  scattering  cross  section  The  only  difference  is  that  the  amplitudes 
of  the  two  waves  decay  in  the  simple  spherical  1/r  form  in  the  Fraunhofer 
region.  The  formula  (12,  39)  for  the  reflection  coefficient  P  is 


f  s4  -  i/f  i  +  A!  (i-w2)  ) 


r  i- 


^-V2 


+1/(1?  A/  W,) 
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(i) 


(2) 


S  is  the  ratio  of  a  maximum  amplitude  to  the  next  adjacent  minimum 
amplitude. 

W^  is  the  distance  from  the  location  of  the  maximum  to  the  obstacle. 
W2  is  Che  distance  from  the  location  of  the  minimum  to  the  obstacle. 

A  •  I  wx  -  w2  I 

When  W^>W2  the  standing  wave  ratio  is  denoted  by  S  =  S  +.  When 

Wl<  w2  s  -  s  -. 

Fig.  1  shows  a  block  diagram  of  this  method  (AO);  the  measured 
back-scattering  cross  section  of  a  metal  sphere  is  shown  in  Fig.  2  (40). 
The  experimental  results  show  quite  a  satisfactory  agreement  with  theory. 
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FIG.  I  Block  diagram  of  the  experimental  equipment  for  the 
SWR  method. 


Since  this  method  depends  critically  on  a  movable  probe  between 


the  source  and  the  obstacle,  the  image-plane  technique  is  Indispensable. 

Even  though  this  method  has  the  advantage  of  utilizing  a  low  power  source, 
efforts  should  be  made  to  reduce  the  residual  SVR  on  the  ground  plane  either 
by  using  a  very  large  ground  plane  or  by  properly  arranging  absorbers  along 
its  edges.  The  further  improvement  of  this  method  is  due  to  Sletten  (40) 
in  Air  Force  Cambridge  Research  Center. 


(C)  CANCELLATION  METHOD  (J.  Sevlck)  (41,  42) 


The  scattered  field  can  be  obtained  by  taking  the  difference 
between  the  fields  with  and  without  the  obstacle.  In  Fig.  3  (42)  a 
magic  T  is  used  to  carry  out  this  differencing  operation.  First,  with 
switch  in  position  B,  balance  the  input  signals  to  the  magic  T  to 
obtain  the  null  output  of  the  receiver,  in  the  absence  of  the  obstacle. 
Then,  install  the  obstacle,  the  signal  output  from  the  receiver  is 
proportional  to  the  scattered  signal.  The  incident  field  is  measured 
with  in  position  A.  The  back-scattering  cross  section  in  this  case  is 
obtained  from  (42)  2 

or-*,  r  _ (-h)J  <3> 

0  ^  d1  ' 

where  the  assumption  was  made  that  the  amplitude  of  the  field  decays  as 
1/r. 

ES  i«  the  scattered  field  intensity 
E*  is  the  incident  field  intensity, 
d^  is  the  distance  from  the  source  to  the  probe 
d£  is  the  distance  from  the  obstacle  to  the  probe 
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Especially  with  a  small  obstacle  the  ratio  of  E  / E  becomes 
quite  small  and  this  method  encounters  difficulty.  A  modification  was 
attempted  by  R.  V.  Row  (43)  who  used  a  directional  antenna  as  a  probe 
in  order  to  increase  the  gain  of  the  probe  in  the  direction  of  arrival 
of  the  scattered  signal. 

Another  modification  was  tried  by  S.  H.  Dike  and  D.  D.  King  (21) 
who  measured  the  scattering  field  of  a  very  thin  obstacle  whose  scattering 
field  can  be  considered  to  be  rotatlonally  symmetric.  On  account  of  this 
rotational  symmetry,  the  receiving  horn  can  be  located  at  an  arbitrary 
angle  with  respect  to  the  direction  of  the  propagation  of  the  incident 
wave.  The  scattered  field  could  be  measured  with  a  receiving  horn  which 
was  located  at  the  angle  where  it  was  insensitive  to  the  Incident  wave. 

The  measured  results  of  the  back-scattering  cross  section  of 

-3 

a  single  antenna  of  radius  a/A  ■  3.5  X  10  as  a  function  of  its  length 
is  shown  in  Pig.  4  (41). 

On  the  one  hand  this  method  has  the  advantage  of  having  a 
fixed  probe  and  no  moving  parts;  on  the  other  hand  the  accuracy  is 
restricted  by  the  electronic  stability  of  the  r-f  power  supply,  mechanical 
stability  of  the  structure,  limited  degree  of  isolation  of  the  magic  T, 
and  multiple  reflection  between  the  source  horn  and  the  obstacle. 


3 
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(D)  PARTIAL  REFLECTION  METHOD  (H.  J.  Schmitt  and  B-0  As) (26, 44) 


In  order  to  achieve  a  more  complete  isolation  of  the  receiving 
horn  from  the  Incident  field,  a  semi-transparent  microwave  mirror  was 
placed  between  the  transmitting  and  receiving  horns.  Consider  the  arrange¬ 
ment  shown  In  Fig.  5  (44).  A  part  of  the  Incident  wave  is  transmitted  to 
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the  obstacle  and  the  rest  Is  reflected  toward  the  absorbers  by  the 
mirror  placed  in  a  45  degree  angle  between  the  source  and  the  obstacle. 

The  back  scattered  signal  from  the  obstacle  is  reflected  again  by  the 
mirror  toward  the  receiving  horn.  Thus,  the  incident  wave  reaching  the 
receiving  horn  directly  is  minimised.  The  back-scattering  cross  section  0" g 
per  unit  length  of  an  infinitely  long  strip  of  width  <5*  at  normal  incidence 
measured  by  this  method  is  shown  in  Fig.  6  (25).  While  this  method  applies 
to  any  shape  (the  use  of  the  ground  plane  is  not  essential),  it  has  the 
disadvantage  of  requiring  standardization  by  means  of  an  obstacle  with  a 
known  back-scattering  cross  section.  This  is  necessary  since  the  incident 
field  intensity  at  the  obstacle  is  not  a  known  quantity. 
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(E)  DOPPLER  EFFECT  (H.  Scharfman  and  D.  D.  King  (45), 

C.  C.  H.  Tang  (9)) 


The  effect  of  a  Doppler  frequency  shift  of  the  reflected  signal 
from  the  moving  obstacle  was  used  to  measure  the  back-scattered  signal. 
Consider  the  block  diagram  in  Fig.  7  (45).  The  obstacle  under  test  and 
the  standard  metal  sphere  are  installed  on  a  turntable  such  that  they 
move  into  the  field  and  toward  the  source  in  turn.  The  reflected  signal 
is  received  by  the  same  horn  as  that  used  for  transmission  and  is  fed  into 
a  mixer  circuit  in  which  the  back-scattered  signal  is  allowed  to  beat  with 
the  original  signal  to  obtaio  uhe  audio  signal  at  the  Doppler  shift  frequency. 
The  separation  of  the  back-scattered  Doppler  signals  from  the  obstacle  under 
test  on  the  one  hand  and  from  the  standard  on  the  other  hand  is  accomplished 
by  means  of  a  commutator.  The  ratio  between  the  two  amplitudes  determines 


i 


i 


9 


FIG.  5  Schematic  diagram  of  the  experimental  letup  for  the 
partial-reflection  method. 


the  back-scattering  cross  section.  A  good  separation  of  the  scattered 
field  from  that  reflected  from  the  surroundings  can  be  obtained  by  this 
method.  The  measured  results  obtained  by  the  Doppler  shift  method  for 
the  back-scattering  cross  section  of  an  Infinitely  long  cylinder  are 
shown  In  Pig.  8  (9,  25). 

A  modified  method  uses  a  belt  moving  around  adjacent  wheels 
In  order  to  move  the  obstacle  in  a  straight  line.  It  is  made  useful  in 
the  measurement  of  the  back-scattering  cross  section  of  nonrotationally 
symmetric  obstacles. 

(F)  PULSE  TECHNIQUE  METHOD  (C.  C-H.  Tang  (46)) 

In  this  method  use  is  made  of  the  reflection  of  a  pulse  from 
an  obstacle.  The  pulse  duration  is  chosen  in  such  a  way  that  each  pulse 
is  long  enough  to  ensure  a  steady-state  response  and  yet  short  enough  and 
spaced  far  enough  apart  in  time  to  avoid  overlapping  with  the  outgoing 
pulses. 

Fig.  9  (46)  shows  the  arrangement  that  C.  C-H.  Tang  used  to 

obtain  the  proper  pulse.  When  a  d.c.  pulse  was  applied  to  the  crystal 

which  was  used  for  balancing  the  arms  of  magic  T,  the  balance  of  the  magic  T 

was  destroyed  and  a  pulse-shaped  r-f  signal  appears  as  the  output  of  the 

magic  T.  After  amplification  by  a  traveling  wave  tube  the  r-f  pulse  was 

fed  Into  another  magic  T  which  served  to  separate  the  outgoing  pulse  from 

the  reflected  one  when  some  overlapping  in  time  between  them  was  unavoidable. 

The  back-scattering  cross  section  is  determined  by  a  comparison  nf  the 

detected  pulse  height  of  the  reflected  signal  from  the  obstacle  in  question 

with  that  of  the  standard.  In  Fig.  10  (46)  the  back-scattering  cross  section 
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FIG.  9  Schematic  diagram  of  the  apparatus  for  back-aealtering 
measurements  using  a  pulse  technique. 
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of  circular  disks  measured  by  this  method  is  shown. 


Aside  from  the  complexity  of  the  setup,  this  method  has  the 
advantages  of  good  (or  even  complete)  separation  of  the  signal  from 
possible  reflections  from  the  background,  and  no  restrictions  on  the  uhape 
of  the  obstacle. 

(G)  APPLICATION  OF  A  SCATTERING  TECHNIQUE  TO  FIELD  MEASUREMENTS  I 
(Photoconduct  lve  probe  -  11.  Iizuka  (4?,  48  ) 

Probes  in  which  the  usual  connecting  leads  the  detector  have 
been  eliminated,  have  been  constructed  for  measuring  the  intensity  of  an 
electromagnetic  field.  They  are  based  on  the  principle  of  scattering  and 
consist  of  modulated  reradiating  or  scattering  antennas  in  the  form  of 
either  a  small  dipole  (for  measuring  the  electric  field)  or  a  small  shielded 
loop  (for  measuring  the  magnetic  field)  center-loaded  with  t  photocell  that 
is  Illuminated  by  a  chopped  beam  of  light.  Fig.  11  (47)  shows  a  block 
diagram  of  the  equipment  for  measuring  an  electromagnetic  field  by  means 
of  a  photo-probe.  First,  the  hybrid  junction  is  balanced  in  the  presence 
of  the  photo-probe,  but  without  Illumination  by  the  beam  of  light.  When 
the  beam  of  light  is  turned  on,  the  signal  that  is  scattered  from  the  probe 
changes  and  the  hybrid  junction  is  unbalanced.  The  difference  in  the  back- 
scattered  signals  with  the  beam  of  light  on  and  off  is  fed  into  an  amplifier. 
It  is  proportional  to  the  square  of  the  field  Intensity  at  the  probe.  The 
switching  of  the  beam  of  light  at  30  c/s  is  accomplished  mechanically  by 
a  photo-chopper  disk  driven  by  a  synchronous  motor.  The  back-scattered 
signal  is  detected  and  amplified  by  an  amplifier  which  is  locked  with  a 
signal  frcm  a  reference  photocell  illuminated  by  the  same  beam  of  light  that 


Illuminates  the  photo-probe.  The  same  principle  has  been  applied  to  the 
measurement  of  the  distribution  of  current  along  an  antenna  of  arbitrary 
shape.  This  was  accomplished  by  sliding  a  small  ahielded-loop  probe 
center- loaded  with  a  photocell  along  the  antenna.  A  very  small  and  constant 
gap  was  maintained  between  the  probe  and  the  antenna.  In  Fig.  12  (47)  the 
near-field  pattern  of  a  half-wave  dipole  measured  by  this  method  is  shown. 

Since  the  scattered  signal  from  the  probe  is  amplitude  modulated, 
there  is  no  error  in  the  measurement  due  to  possible  leakage  through  an 
imperfectly  balanced  hybrid  junction  or  from  the  reflected  waves  originating 
somewhere  else  than  at  the  probe.  These  unwanted  signals  are  not  amplitude- 
modulated. 

(H)  APPLICATION  OF  A  SCATTERING  TECHNIQUE  TO  FIELD  MEASUREMENTS  II 
(Coll  spring  probe  -  K.  lizuka  (49) 

A  thin  coil  spring  whose  length  can  be  varied  periodically  by 
mechanical  means  has  been  used  as  a  probe  to  measure  the  electric  field 
intensity.  The  vibrating  probe  acts  as  a  re-radiating  antenna  with 
periodically  varying  length  (It  was  also  analytically  demonstrated  that 
the  effective  length  of  a  thin  helical  antenna  equals  the  axial  length  of 
the  helix.)  that  modulates  and  scatters  the  component  of  the  £  field  which 

is  parallel  to  the  axis  of  the  spring.  The  scattered  signal  is  picked  up 

by  a  receiving  antenna  and  amplified  with  an  amplifier  that  is  locked-in 
with  the  frequency  of  the  mechanical  vibration  of  the  coil.  The  arrange¬ 
ment  of  the  electronic  apparatus  is  similar  to  the  photo-probe  mentioned 
in  the  previous  section.  Only  the  parts  which  are  different  from  the 

previous  one  are  shown  in  Fig.  13  (44).  Measurements  of  the  field  of  a 
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half-wave  dipole  antenna  are  shown  in  Fig.  14  (49). 

While  this  method  has  the  advantage  of  good  separation  of 
the  signal  from  the  background,  it  requires  special  precautions  for 
limiting  the  mechanical  vibration  exclusively  to  the  coil  spring, 
because  the  scattered  wave  from  any  vibrating  object  gives  rise  to  an 
error  signal. 
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F<6.  13  CONSTRUCTION  OF  THE  SUPPORT  OF  THE  PROBE  AND  THE  SOURCE 
OF  BEAM  OF  LIGHT. 
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FUTURE  TRENDS  IN  RADAR  CROSS  SECTION  MEASUREMENT 


Keeve  M-  Siegel 
Conductron  Corporation 

The  background  cancellation  problem  for  cw  ranges  at  high  frequencies  for  low  radar 
cross  section  shapes  for  usual  type  support  systems  for  large  models  seems  to  be  reason¬ 
ably  close  to  reaching  diminishing  returns.  The  short-pulse  systems  cannot  operate  at 
long  wavelengths  and  even  at  medium  wavelengths  the  dispersion  of  the  energy  within  the 
absorbing  material  can  significantly  affect  the  measured  value  for  the  radar  return  when 
it  is  compared  with  or  is  to  predict  the  cross  section  as  observed  at  the  longer  pulses. 

As  objects  get  larger  and  larger  and  as  cross  sections  become  smaller  and  smaller,  the 
far  field  requirement  will  have  to  be  lifted  for  all  ranges  which  are  ground  based.  Thus 
it  is  felt  that  before  significant  breakthroughs  are  obtained  in  radar  cross  section  measure¬ 
ments,  theoretical  analyses  will  have  to  predict  methods  of  making  near-field  measurements 
and  predicting  far-field  results.  Also  theoretical  methods  will  have  to  be  obtained  for 
allowing  the  prediction,  when  knowing  the  material  characteristics,  of  utilizing  short 
pulse  answers  to  predict  long  pulse  answers.  For  bodies  which  are  not  bodies  of  revo¬ 
lution,  difficulties  will  continue  to  exist  on  how  to  obtain  correct  polarization  answers 
when  the  background  is  a  function  of  both  the  aspect  of  the  model  and  the  polarization 
being  measured.  It  is  felt  that  the  key  radar  cross  sertir;i  problems  for  the  future  lie  in 
measuring  objects  at  low  values  of  signal-to-noise  ratio.  Here  again  new  radar  cross 
section  measurement  techniques  will  have  to  be  utilized  if  the  laboratory  method  is  going 
to  become  both  the  quality  control  tool  as  well  as  the  design  tool,  in  addition  to  being  a 
research  tool  for  tomorrow’s  ideas,  concepts  and  applications. 
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Research  and  Technology  Division 
Wright-Patterson  Air  Force  Base,  Ohio 


ABSTRACT 

This  paper  presents  the  accumulated  findings  of  the  Avionics  Laboratory  on  static 
radar  reflectivity  measurements  systems  and  techniques  which  have  been  built  up  through 
ten  years  of  experience  in  the  field.  The  paper  concentrates  on  indoor  measurements. 

It  discusses  types  of  instrumentation  and  model  supports,  with  specific  emphasis  on  ane* 
choic  chamber  requirements,  which  have  been  substantiated  by  short  pulse  radar  measure¬ 
ments,  and  the  use  of  unique  and  helpful  apparatus  such  as  tunnel  antennas.  The  paper 
also  discusses  model  fabrication  techniques,  tolerances  and  the  use  of  non-metallic 
coatings  on  models. 

THE  CONCEPT  OF  STATIC  RADAR  REFLECTIVITY  MEASUREMENTS 

Let  us  start  this  discussion  with  several  assumptions: 

1.  That  the  terms  radar  echo  area  and  radar  cross  section  of  a  vehicle  are  under¬ 
stood. 

2.  That  it  is  recognized  that  these  characteristics  are  functions  of  the  shape  and 
materials  of  the  vehicle,  viewing  angle,  illuminating  radar  frequency  and  polarization. 

3-  That  there  is  no  need  to  justify  the  desire  for  radar  cross  section  data., 

4.  That  true  “free-space"  cross-section  information  is  required. 

3.  That  scaling  laws  for  model  measurements  are  understood. 

Strictly  speaking,  the  only  way  to  satisfy  all  the  restraints  for  obtaining  absolute  cross 
section  data  is  to  perform  flight  testing.  Yet  this  approach  is  extremely  expensive  and,  by 
its  nature,  contributes  errors  and  uncertainties  particularly  with  regard  to  vehicle  aspect. 
Furthermore  in  the  vehicle  design  stages,  such  testing  is  impossible.  As  a  result,  one 
commonly  resorts  to  static  testing  in  which  the  vehicle  is  somehow  suspended  in  a 
"pseudo  free-space"  environment  and  echo  patterns  are  recorded  while  the  body  undergoes 
controlled  changes  in  viewing  angle. 

It  is  important  to  recognize  that  static  measurements  necessitate  compromises  between 
electrical  and  mechanical/physical  requirements.  The  size,  weight,  shape  and  radar  cross 
section  of  the  vehicle  often  impose  incompatible  demands,  such  as  extremely  low  back¬ 
ground  echo  level  from  a  target  support  system  capable  of  holding  hundreds  of  pounds.  It 
is  our  intention  to  emphasize  herein  the  necessity  of  adapting  the  measurements  instrumen¬ 
tation  and  techniques  to  the  target  being  measured  and  to  present  solutions  to  particular 
problems  where  possible. 
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INSTRUMENTATION  FOR  STATIC  MEASUREMENT 

For  indoor  work,  CW  instrumentation  has  been  used  almost  exclusively  in  the  past 
simply  because  conventional  pulse  systems  require  too  much  range  to  the  target.  For 
example,  a  radar  with  a  0.25  microsecond  pulse  requires  that  a  target  be  in  excess  of 
250  feet  from  the  antenna  for  proper  measurement.  Typical  CW  systems  are  shown  in 
block  form  in  Figures  1  and  2.  The  electronics  equipment  is  all  standard  and  for  the 
most  part  commercially  available.  There  is  no  need  to  dwell  on  specific  units  here 
since  different  frequencies  of  operation  would  require  different  units.  However,  the 
equipment  should  have  the  following  characteristics: 

1.  the  transmitter  must  be  a  frequency-stable  source  of  reasonable  power  oucput. 

2.  the  receiver  must  be  stable  in  frequency  and  gain  and  have  at  least  a  40 
decibels  (DB)  dynamic  range. 

3-  the  tunable  load,  attenuators  and  phase  shifters  must  be  capable  of  precise 
adjustment. 

The  one  antenna  system  requires  that  a  tunable  load  be  adjusted  in  the  absence  of  a 
target,  so  that  the  power  into  the  receiver  arm  of  the  hybrid  tee  junction  is  very  small 
compared  to  that  from  the  target  itself.  Ideally  the  tunable  load  serves  only  to  eliminate 
signals  arriving  at  the  receiver  arm  from  mismatches  in  waveguide  and  antenna  components. 
In  practice  in  an  indoor  chamber,  however,  one  actually  tunes  out  all  sources  of  reflec¬ 
tion  such  as  the  walls  of  the  chamber  and  the  target  support.  If  the  echo  from  these 
sources  remains  the  same  after  the  introduction  of  the  target,  or  is  changed  by  a  trivial 
amount,  there  is  no  problem.  However,  if  the  target  significantly  alters  the  illumination 
of  the  chamber  walls,  as  is  often  the  case,  the  background  is  no  longer  cancelled  and  is 
measured  along  with  the  target.  Such  a  situation  is  a  serious  source  of  error  in  the 
measurement  of  low  cross  section  targets. 

The  two  horn  system  usually  contains  a  phase  shifter  and  attenuator  to  control  a 
portion  of  the  transmitted  signal  which  is  used  to  "null”  the  received  signal  in  the  ab¬ 
sence  of  a  target,  ideally  this  would  only  be  necessary  to  eliminate  leakage  or  cross¬ 
talk  between  the  antennas.  In  practice  one  again  cancels  all  chamber  echoes  and  the 
above  comments  on  the  change  in  background  with  target  still  apply. 

Generally,  the  less  "nulling*  that  is  necessary,  the  longer  a  null  can  be  maintained. 

In  our  use  of  the  two  horn  system,  we  have  developed  a  novel  "modus  operandi*  which 
provides  for  extended  periods  (measured  in  hours)  of  very  low  received  signal  level  in 
the  absence  of  target.  First  we  incorporated  a  pair  of  "tunnel  antennas”  which  have  low 
leakage  and  low  sidelobe  levels.  These  are  conventional  horns  (10°  beamwidth  in  EflcH 
planes)  which  radiate  through  an  extension  of  their  sides.  The  extension  is  lined  with 
radar  absorber  material.  The  extension  in  our  case  is  approximately  20  wavelengths 
long  and  is  lined  with  Emerson  and  Cuming  type  AN-75  absorber.  The  front  face  of  the 
absorber  is  flush  with  the  inner  surface  of  the  sides  of  the  basic  hom.  The  beamwidth 
is  determined  by  the  aperture  of  the  horn  without  extension  as  can  be  seen  in  Figure  3- 
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This  figure  compares  the  patterns  of  the  basic Itom,  the  hom  with  an  extension  lined  with 
B.  F-  Goodrich  liairflex  type  absorber  and  the  hom  with  the  AN-75  lined  extension  The 
reduction  in  the  E  plane  sidelobc  levels  is  quite  apparent.  The  H  plane  sidelobes  are  not 
significantly  reduced  by  this  treatment,  but  normally  these  are  low  and  present  no  major 
problem.  The  attainment  of  low  sidelobes  means  that  the  illumination  of  the  sidewalls  and 
floor  of  the  chamber  is  greatly  reduced,  which  in  turn  reduces  the  amount  of  background 
signal  which  must  be  nulled.  The  cross-talk  between  the  two  antennas,  when  the  ends  of 
the  extension  are  within  1/2  inch  of  one  another,  is  more  than  100  DB  below  the  transmitted 
power.  With  a  short  pulse  (10  nanoseconds)  radar  operating  at  9325  rac,  a  reading  of  118 
DB  cross-talk  level  is  repeatedly  obtained. 

With  the  virtual  elimination  of  cross-talk,  any  nulling  would  only  cancel  echoes  from  the 
target  range  itself.  Rather  than  apply  cancellation  techniques  to  mitigate  the  effects  of 
chamber  echo  we  prefer  to  reduce  the  primary  echo  itself  to  a  tolerable  level.  We  have 
found  that  by  physically  canting  the  chamber  backwall  (that  directly  behind  the  target)  at 
an  angle  we  can  direct  a  null  in  its  echo  pattern  toward  the  receiver  hom  and  thus  minimize 
the  received  background  signal.  That  this  wall  is  the  major  contributor  to  chamber  echoes, 
which  ordinarily  must  be  nulled  out,  has  been  confirmed  by  short  pulse  radar  diagnosis.  In 
practice,  the  received  signal  in  the  absence  of  the  target  is  thus  reduced  to  levels  below 
the  noise  level  of  the  receiver.  This  received  signal  is  approximately  15  DB  below  that 
from  a  4  x  10 -s  square  meter  (M2)  sphere  at  a  range  of  25  feet  from  the  antennas.  It  is 
important  to  note  here,  as  before,  that  the  introduction  of  the  target  can  disturb  the  back¬ 
ground  illumination  and  thereby  eliminate  the  fine  null  obtained  in  the  absence  of  target. 

The  short  pulse  system  which  has  been  mentioned  several  times  thus  far  was  obtained 
from  Harry  Diamond  Fuze  Laboratories,  where  it  was  designed  and  built.  It  operates  at  a 
fixed  frequency  of  9325  rac  with  an  output  pulse  width  of  ?0  nanoseconds  and  a  PRF  of  25 
kc.  The  block  diagram  shown  in  figure  4  is  conventional,  but  the  circuitry  is  of  course 
special  for  handling  the  short  pulses.  The  IF  amplifier  has  a  center  frequency  of  450  me 
and  a  bandwidth  of  100  me.  The  twin  tunnel  antennas  previously  described  are  used  for 
transmission  and  reception,  hence  no  T/R  device  is  necessary.  The  output  pulses  are  dis¬ 
played  on  a  sampling  oscilloscope.  As  of  this  writing  we  have  no  automatic  method  of 
recording  echo  amplitude  with  this  system,  but  one  is  in  the  planning  stage.  The  present 
readout  technique  is  a  manual  one,  in  which  the  receiving  line  attenuator  is  adjusted  to 
reduce  all  echoes  to  a  fixed  reference  value.  Retidings  taken  at  discrete  intervals 
(normally  1  degree)  of  target  rotation  produce  an  acceptable  pattern.  However,  sharp  nulls 
or  peaks  which  occur  between  reading  points  are  missed.  The  only  discrepancy  between 
pulse  and  CW  data  taken  on  the  same  target  is  in  the  depths  of  sharp  nulls. 

This  pulse  radar  has  been  an  invaluable  tool  for  diagnosing  the  sources  of  echo  in  the 
measurements  chamber  since  it  can  resolve,  in  range,  two  targets  separated  by  as  little 
as  5  feet.  It  has  also  been  our  only  accurate  system  for  measurement  of  very  low  cross- 
section  (10~5to  10-6M2)  targets,  because  changes  in  backwall  echo  do  net  influence  the 
measured  target  echo. 
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THE  MEASUREMENTS  CHAMBER 


We  have  been  using  a  home-made  anechoic  chamber  for  many  years  and  have  measured 
a  large  variety  of  targets  ranging  from  those  which  are  physically  small  and  have  large, 
echo  area  to  the  other  eitreme  -  physically  large  with  low  echo  area.  This  has  forced  us 
to  investigate  the  influence  of  chamber  design  upon  the  measured  echoes  from  this  range 
of  targets  perhaps  to  a  greater  extent  than  even  the  commercial  organizations  which  supply 
complete  chambers.  The  investigation  has  of  necessity  been  trial  and  error  but  the  unique 
capability  to  observe  effects  by  both  short  pulse  radar  and  CW  systems  has  revealed  many 
interesting  facts.  Thus  we  can  make  several  general  but  positive  statements  with  regard 
to  the  chambers: 

1.  The  antenna(s)  used  for  target  illumination  should  have  the  least  possible  beam- 
width  consistent  with  uniform  target  illumination  and  the  length  of  the  chamber.  Low  side- 
lobe  levels  are  also  necessary.  These  antenna  characteristics  prevent  direct  illumination 
of  everything  in  the  chamber  except  the  volume  in  the  immediate  vicinity  of  the  target  and 
the  sector  of  the  chamber  wall  directly  behind  the  target. 

2.  The  target  support  must  be  as  lightweight  and  low  in  volume  as  allowed  by  target 
size  and  weight.  Obviously  the  target  support  echo,  which  occurs  at  the  same  range  as 

the  target  echo,  cannot  be  removed  from  the  total  signal  recorded  even  with  a  pulse  system. 
(Fritsch  of  Lincoln  Laboratory  has  recently  demonstrated  an  interesting  technique  for  re¬ 
moval  of  the  support  echo  "post  facto”  by  recording  phase  and  amplitude  of  echo  signals 
for  targets-in-place  and  target-absent  conditions.)  In  any  case  the  signal  recorded  with 
target  in  place  is  the  vector  sum  of  target  and  support  echoes.  Styrofoam  columns  which 
have  been  extensively  used  as  target  supports,  may  be  tapered  to  reduce  their  inherent 
echo  but  there  is  a  limit  to  how  far  one  can  go.  Thin  nylon  or  dacron  string  (8  lb  test) 
arranged  in  a  manner  suitable  for  support  and  rotation  of  a  target  provides  an  echo  one  to 
two  orders  of  magnitude  below  the  best  styrofoam  column.  For  instance  four  strands, 
joined  at  a  point  far  above  the  target  position  and  connected  to  the  target  turn  table  rim  at 
four  points  in  quadrature,  have  an  echo  area  which  is  immeasurable  with  a  horizontally 
polarized  pulse  radar  whose  minimum  discernible  target  cross  section  is  8  x  10"7  M1  for 
the  range  involved.  Vertical  polarization  naturally  provides  a  larger  echo,  but  this  is  just 
barely  measurable  as  10“6  M2.  Tolerable  support  echo  is  of  course  relative,  but  should 
always  be  more  than  20  DB  below  the  target  echo.  One  problem  with  supports  which  we 
have  observed,  but  have  not  explored,  is  their  tendency  to  alter  the  fields  incident  or  ex¬ 
cited  on  the  target.  Such  alterations  could  drastically  change  a  recorded  echo  pattern 
particularly  for  low  cross  section  shapes.  One  last  note  on  the  target  support  -  the  turn 
table  should  be  far  enough  below  the  target  so  as  not  to  be  directly  illuminated  by  the  trans¬ 
mitted  signal.  If  this  is  not  possible,  then  it  must  be  shrouded  by  radar  absorber  material 
(RAM)  for  minimum  echo.  We  have  also  found  that  the  top  of  the  turn  table  must  be  coveted 
with  RAM  to  reduce  multiple  bounce  type  of  echoes  which  travel  from  transmitter  to  target 
to  tum  table  to  target  to  receiver. 
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3-  The  radar  absorber  material  used  in  the  chamber  must  be  the  very  highest  quality 
available  particularly  for  the  backwall.  Some  commercial  materials  provide  as  much  as  50 
DB  or  more  reduction  in  specular  echo  from  flat  surfaces.  It  is  particularly  important  that 
the  materials  maintain  this  low  level  of  echo  for  viewing  angles  within  say  30  degrees  of 
normal  incidence.  Assuming  that  the  proper  antennas  are  used  and  direct  illumination  of 
the  chamber  sidewalls  is  avoided,  it  is  of  lesser  importance  that  the  absorbers  have  low 
reflectance  at  angles  far  off  normal  (>  50° ).  W  e  have  not  seen  direct  sidewall  reflection 
in  our  chamber  but  have  observed  multiple  bounce  echoes  from  target  to  wall  to  target. 

These  latter  are  most  pronounced  when  near  normal  incidence  on  the  wall  is  obtained.  For 
this  reason,  all  of  our  sidewalls  are  tilted  slightly  off  vertical  and  our  backwall  is  tilted 
off  vertical  and  is  movable  in  azimuth.  One  must  remember  that  a  wall  covered  with  ab¬ 
sorber  still  has  an  echo  pattern  with  peaks  and  nulls.  Obviously  orienting  the  wall  so 
that  a  null  is  coincident  with  the  direction  of  incidence  would  provide  an  echo  significantly 
(TO  -  20  DB)  below  that  of  the  specular  echo.  Bear  in  mind  though  that  a  null  in  the  pat¬ 
tern  is  obtained  for  a  given  illumination  condition.  Change  the  distribution  of  energy 
across  the  wall  and  the  null  may  disappear  and  become  a  peak. 

4.  The  target  must  be  located  as  close  to  the  measuring  antennas  and  as  far  from 
the  backwall  as  possible.  The  free  space  loss  (1/R*)  dominates  the  thinking  here.  Mov¬ 
ing  the  measuring  apparatus  far  from  the  backwall  reduces  that  echo  power  at  the  receiver 
while  keeping  the  target  close  to  the  apparatus  insures  maximum  target  signal-to-background 
ratio.  At  the  same  time  maximum  distance  between  target  and  backwall  reduces  coupling 
and  mutual  interference  problems. 

5.  A  movable  backwall  for  the  chamber  is  highly  influential  in  reducing  inherent 
chamber  echoes  and  also,  in  some  cases,  in  reducing  the  effect  of  target  introduction  upon 
chamber  echo.  A  standard  technique  for  evaluating  the  chamber  echo  when  CW  systems 
are  used  is  to  record  the  echo  from  a  small  sphere  which  is  rotated  off  center.  From  the 
variations  in  the  pattern,  one  calculates  the  magnitude  of  the  interfering  echo.  We  have 
demonstrated  to  our  own  satisfaction  that  this  magnitude  is  a  function  of  the  angular 
position  of  the  backwall.  B.  F.  Goodrich  Co.  has  repeatedly  substantiated  these  results 
in  evaluation  of  their  chambers.  Thus  one  could  optimize  the  chamber  for  minimum  back¬ 
ground  for  the  sphere.  Unfortunately  this  does  not  mean  that  the  background  is  then 
optimum  for  all  targets.  Yet  regardless  of  who  built  a  chamber  or  who  evaluates  it,  we  all 
too  often  see  the  background  figure  derived  f  om  sphere  tests  quoted  as  the  performance 
capability  of  the  chamber  with  no  qualification  for  target. 

6.  The  influence  of  the  target  upon  background  signal  in  an  indoor  measurements 
chamber  cannot  be  ignored.  When  a  target  is  introduced  into  the  chamber  it  always  dis¬ 
turbs  the  background  illumination,  thereby  altering  the  magnitude  of  the  chamber  echo 
previously  nulled  out  by  one  means  or  another.  For  targets  with  large  echoes,  a  moderate 
increase  in  background  level  is  insignificant  since  a  ratio  of  20  DB  is  tolerable.  But  for  , 
cross  section  targets,  the  increased  background  level  may  be  greater  than  that  from  the 
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target  itself.  A  CW  system  would  measure  the  combined  echo  as  if  it  were  only  the  echo' 
from  the  target.  Figure  5  is  an  example  of  CV  data  (X-band)  on  a  low  cross  section 
shape.  Figure  6  (solid  line)  is  a  plot  of  short  pulse  data  on  the  same  body.  For  the  CW 
data,  the  background  echo  in  the  absence  of  target  was  less  than  10-6  square  meters. 

The  pulse  data  was  taken  with  a  pulse  length  (10  nsec  or  5  feet)  which  provided  the 
total  echo  from  the  target  (20  inches  long)  but  easily  separated  it  from  the  background 
signal  which  was  more  than  40  feet  behind  the  target.  The  only  difference  between  the 
two  sets  of  data  is  that  the  CW  system  could  not  ignore  the  increased  background  level. 
Despite  numerous  attempts,  we  have  not  been  able  to  devise  any  chamber  arrangement 
which  prevents,  or  even  reduces  to  an  acceptable  level,  the  effect  of  these  types  of 
targets  upon  the  background  signal.  The  only  way  accurate  CW  data  can  be  obtained  in¬ 
doors  for  such  bodies  appears  to  be  either  to  rock  the  target  in  range  and  calculate  the 
correct  echo  at  each  angle  or  use  the  technique  of  Fritsch.  Figure  7  shows  the  background 
effect  measured  by  pulse  radar.  Since  photographs  were  to  be  avoided  in  this  paper,  we 
had  to  resort  to  drawing  the  sampling  scope  presentation.  Here  the  solid  line  shows  the 
amplitude  of  echo  signal  versus  range  in  the  absence  of  target.  The  backwa'.l  was  ad¬ 
justed  in  angle  so  that  its  echo,  shown  at  60  feet,  corresponds  to  approximately  1.5  x 
10“4  M2  at  the  target  range.  Note  the  complete  lack  of  measurable  cross  talk  between 
the  antennas  and  of  target  support  echo  at  15  feet.  The  dotted  lines  represent  signal 
level  versus  range  with  a  low  cross  section  target  in  place  at  an  arb:trarv  aspect  angle. 

We  think  the  situation  is  clear  and  need  not  be  discussed  further. 

MODEL  REQUIREMENTS 

Scale  models  for  radar  cross  section  measurements  are  a  necessity  if  static  techniques 
are  used  because  full  sized  bodies  would  generally  require  prohibitive  ranges  or  be  too 
heavy  for  low  echo  supports.  Model  fabrication  is  as  sensitive  to  the  magnitude  of  radar 
cross  section  of  the  body  as  the  measurement  procedure. 

For  bodies  with  large  (>  10-1M2  full  scale)  echo  area,  the  main  problem  is  to  insure 
that  all  important  contributors  to  cross  section  are  included  in  the  model.  For  aircraft, 
the  cockpit  cover  and  larger  items  in  the  cockpit,  the  radome  and  equipment  including 
antennas  behind  the  radome,  and  jet  engine  inlet  and  exhaust  ducts  must  all  be  con¬ 
structed  in  reasonable  detail.  However,  surface  irregularities  do  not  noticeably  influence 
the  total  vehicle  and  may  therefore  be  ignored. 

On  the  other  hand,  for  low  cross  section  shapes  where  presumably  there  is  little 
specular  reflection,  surface  irregularities  make  a  targe  difference.  This  can  be  seen  in 
Figure  6  by  comparing  the  solid  curve  with  the  points  marked  (x).  These  latter  represent 
maximum  values  for  the  respective  ten  degree  azimuth  intervals  and  were  taken  from  a 
reflection  pattern  of  the  same  body  as  wa3  used  to  obtain  the  solid  curve.  The  difference 
in  the  two  sets  of  data  was  in  the  surface  of  the  model.  In  the  case  of  the  larger  values,  j 
the  wood  from  which  tht  body  was  made  had  warped  slightly  causing  a  step  discontinuity  ' 
of  perhaps  0.010  inches  average  at  the  shadow  Boundary.  When  the  step  was  removed, 


32 


the  solid  curve  was  obtained.  Note  that  these  are  unsealed  data  taken  at  9325  me  by 
pulse  radar. 

We  usually  require  dimensional  accuracy  in  any  model  to  be  within  0.030  inches 
Surface  irregularity  is  ordinarily  less  than  0.001  inches.  The  dimensional  tolerance  is 
based  upon  a  consideration  of  normal  incidence  echo  from  a  circular  flat  metal  plate. 

Here  the  echo  area  is  proportional  to  the  radius  raised  to  the  fourth  power.  For  any  other 
geometry,  the  echo  area  is  a  slower  function  of  linear  dimension.  For  the  worst  case 
then,  it  can  be  shown  that  a  2%  error  in  radius  only  causes  0.1  DB  error  in  echo  area.  Of 
course  this  is  a  percentage  problem  and  for  very  small  models,  or  standard  spheres  for 
instance,  the  tolerance  is  tightened  accordingly.  But  usually  for  models  in  the  order  of  a 
foot  or  more  in  dimension,  0.030  inches  is  satisfactory. 

Other  than  dimensional  accuracy  and  necessary  detail,  our  main  concern  in  modelling 
is  weight.  For  this  reason,  wood  or  plastic  painted  with  metallic  silver  paint  is  preferred. 
Very  satisfactory  models  have  been  made  by  laying  up  glass  cloth  laminates  in  a  female 
mold,  thus  obtaining  a  very  smooth  outer  surface  for  the  body,  and  assembling  the  cured 
sections  over  lightweight  ribs  much  the  same  as  an  aircraft  is  built.  In  this  manner 
bomber  models  over  14  feet  in  wing  span  have  been  made  with  total  weights  of  slightly 
over  100  lbs.  For  much  smaller  models  of  say  re-entry  vehicles,  solid  wood  turned  on  a 
lathe  provides  necessary  surface  smoothness  and  is  acceptable  from  the  weight  stand¬ 
point.  Several  coats  of  good  conductive  paint  (such  as  Dupont  4817)  provides  an  ex 
cellent  metallic  surface  so  long  as  the  resistance  of  the  coating  is  less  than  1  ohm  per 
square.  Only  slightly  higher  values  produce  measurable  changes  in  echo. 

Perhaps  the  most  controversial  issue  in  model  measurements  is  the  matter  of  imper¬ 
fectly  conductive  materials  such  as  radar  absorbers.  Rigorous  scaling  laws  clearly  re¬ 
quire  that  thickness  be  scaled,  that  magnetic  and  dielectric  properties  be  the  same  at 
the  measurement  frequency  as  at  the  full  scale  frequency,  and  that  conductivity  be 
scaled.  Yet  for  the  optics  region,  where  body  dimensions  are  large  in  terms  of  wave¬ 
lengths  and  specular  reflections  dominate  the  echo  from  most  targets,  it  is  really  the 
reflection  coefficient  of  the  material  which  is  influential. 

Consider  the  simple  case  of  a  flat  metal  plate  at  normal  incidence.  If  we  measure 
the  return  as  a  metallic  surface  then  cover  it  with  an  absorber  whose  power  reflection 
coefficient  is  say  -01  we  will  reduce  the  metal  body  return  by  20  DB.  Now  if  we  assume 
the  body  had  been  scaled,  we  would  compute  the  full  scale  echo  by  multiplying  the 
scaled  echo  by  the  scale  factor  squared.  If  we  measured  the  full  size  plate  at  the  full 
scale  frequency,  then  covered  it  with  an  absorber  of  power  reflection  coefficient  .01,  we 
would  again  reduce  the  metai  return  by  20  DB.  But  this  last  echo  area  is  precisely  what 
we  would  have  obtained  by  calculation  from  the  scaled  data.  Yer  in  the  two  cases,  we 
could  have  used  absorbers  whose  identical  reflection  coefficients  were  obtained  by 
totally  different  combinations  of  magnetic  and  dielectric  properties  and  whose  thicknesses 
were  not  in  the  ratio  of  the  scale  factor. 
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Since  a  very  significant  portion  of  the  reflection  measurements  made  today  involve  the 
use  of  absorbers  on  models,  it  is  only  reasonable  that  we  take  advantage  of  anything  which 
will  make  the  job  easier  and  cheaper.  Even  though  the  statements  in  the  preceding  para¬ 
graph  may  apply  only  to  absorptive  materials,  they  have  wide  application  at  that.  In  our 
efforts  to  reduce  the  cross  section  of  a  vehicle  we  use  any  absorber  whose  reflection  co¬ 
efficient  at  the  scaled  frequency  is  the  same  as  that  of  the  actual  absorber  at  the  full 
scale  frequency.  That  this  obtains  valid  data  has  been  substantiated  in  several  instances 
where  both  full  scale  and  model  data  have  been  available.  Unfortunately,  these  data  are 
classified  and  cannot  be  presented  herein. 

Ve  must  of  course  recognize  that  in  the  Rayleigh  region,  these  simplifications  may  not 
apply.  It  has  been  shown  by  Siegel  and  others  that  the  formulation  of  absorbers  for  bodies 
small  in  terms  of  wavelengths  must  be  adjusted  for  body  shape  and  dimensions  to  obtain 
a  given  reduction  in  echo.  Since  to  date  we  have  done  very  little  work  which  bears  on  this 
special  problem,  we  will  leave  its  discussion  to  others. 

COMPARISON  BETWEEN  CW  AND  PULSE  DATA 

As  a  last  point  of  interest,  we  would  like  to  present  results  of  measurement  of  a 
satellite  model  which  were  obtained  by  both  CW  and  pulse  systems  at  the  same  frequency. 
The  results,  shown  in  Figure  8,  are  plotted  as  actual  echo  area  of  the  model,  uncorrected 
for  scale  factor,  versus  azimuth  angle  measured  from  nose.  The  echo  from  this  model  was 
large  enough  that  the  background  did  not  influence  the  Cf  result.  At  nose-on  there  is  a 
7  DB  difference  between  the  two  sets  of  data  which  is  much  too  large  to  be  acceptable. 
However,  we  found  after  these  particular  patterns  were  taken,  that  the  nose-on  echo  could 
be  varied  by  adjustment  of  the  junction  between  mating  sections  of  the  model.  Therefore, 
we  cennot  blame  the  nose-on  discrepancy  on  instrumentation  error.  Other  than  that  differ¬ 
ence  and  the  fact  that  there  seems  to  be  an  alignment  error  of  perhaps  1  degree,  the 
agreement  between  the  CW  and  pulse  data  is  excellent.  The  loss  of  sharp  peaks  and  nulls 
by  the  technique  we  used  to  obtain  the  pulse  data,  i.e.  one  degree  readings,  is  evident 
and  teaches  that  finer  readings  are  necessary  when  the  target  aperture,  perpendicular  to 
the  path  of  propagation,  becomes  large.  The  planned  automatic  recording  system  should 
solve  this  problem  completely. 
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SUMMARY 

It  is  the  purpose  of  this  paper  to  summarize  the  experience  gained 
by  the  authors  during  the  past  ten  years  in  the  operation  of  four  model 
measurement  radars  in  an  indoor  anechoic  chamber,  three  CW  Balanced- 
Bridges  operating  at  frequencies  of  10  Gc,  35  Gc,  and  70  Gc,  and  a  short- 
pulse  radar  operating  at  35  Gc.  The  latest  versions  of  these  radars  have 
the  following  capabilities: 


TABLE  I 


F  requency 

Minimum 
Measurable 
(Non- rotating) 

Maximum 
Target  Size 


10  Gc  35  Gc  70  Gc 
-40  dbA2  -35  dbA2  -25  dbA2 


35  Gc  Pulse 

-20  dbA2 


12" 


3.5"  3.5"  12" 


Minimum  Tower 
Cross  Section 


-40  dbA2  -35  dbA2  -25  dbA2  -20dbX2 


The  above  performance  figures  were  measured  at  J.  with  a  plane- 
wave  lens.  With  smaller  targets  and  focused  lenses,  significant  increases 
in  sensitivity  can  be  achieved.  For  example,  at  10  Gc,  a  target  of  2" 
diameter  and  cross  section  -60  db  X2  can  be  measured;  and  at  35  Gc,  a 
target  cf  0.8"  diameter  and  cross  section  -54  dbA4  can  be  measured. 

The  significant  features  of  the  CW  balanced-bridge  radars  are  as 
follows.  Both  transmitter  and  local  oscillator  klystrons  have  been  phase- 
locked  through  a  phase-locked  multiplier  chain  to  a  1  Me  frequency 
standard.  The  phase  stability  of  the  system  is  such  that  an  isolation  of 
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better  than  100  db  at  70  Gc  and  120  db  at  35  Gc  between  the  transmitted 
and  received  signals  has  been  maintained  across  the  hybrid  for  continu¬ 
ous  periods  of  more  than  ten  minutes.  Also,  phase  can  be  measured 
directly  by  comparison  of  the  received  signal  against  a  reference  signal. 
A  simple  cancellation  circuit  has  been  included  which  has  enabled  the 
bridge  to  be  balanced  in  a  smooth,  controllable  manner.  The  amplitude 
and  phase  of  the  backscattered  wave  from  the  model  can  be  measured 
with  accuracy  of  better  than  _+  1  db  and  +  2°  respectively.  Models  are 
supported  on  styrofoam  towers  which  have  been  tuned  to  a  maximum 
cross  section  of  -35  db ^  at  35  Gc. 

The  35  Gc  pulse  radar  has  a  pulse  width  of  15  ,  a  dynamic  range 

of  50  db,  a  transmitter-receiver  isolation  of  130  db,  and  may  be  used  to 
make  bistatic  as  well  as  backscattering  measurements  with  both  plane 
and  circularly  polarized  radiation. 

In  the  development  of  these  radars,  the  authors  have  made  extensive 
investigations  of  several  sources  of  error  in  model  measurements.  In 
particular,  these  include  the  effects  of  non-plane  illumination,  various 
model  support  methods,  cancellation  techniques,  model  dimensions  and 
finishes,  transmitter  frequency  stability,  and  data  recording  techniques. 

Further,  in  another  development,  the  authors  have  used  CW  doppler 
radars  to  measure  the  nose-on  cross  section  of  models  in  a  hypersonic 
ballistics  range.  These  radars,  operating  at  frequencies  of  35  and  70  Gc 
are  essentially  CW  balanced-bridge  radars  in  which  the  doppler  shift  of 
the  moving  target  has  been  used  to  separate  the  model  signal  from  the 
stationary  background  signal.  Significant  changes  in  the  model  cross 
section  due  to  the  plasma  sheath  have  been  noted.  A  high  resolution 
focused  35  Gc  oblique  doppler  radar  has  also  been  used  to  measure 
parameters  of  the  wake  behind  the  hypersonic  velocity  projectile. 

MM  WAVE  -  RADAR  CROSS  SECTION  MODEL  MEASUREMENTS  IN 
ANECHOIC  CHAMBERS 

Introduction 


About  ten  years  ago  the  authors  began  to  develop  a  facility 
which  was  to  be  used  to  make  basic  studies  of  the  radar  cross  section 
of  model  targets.  In  the  interests  of  convenience  and  year-round  oper¬ 
ation,  measurements  were  to  be  made  in  an  indoor  anechoic  chamber, 
and  because  of  the  convenient  sized  models  and  ranges  which  resulted, 
the  operating  wavelengths  were  to  be  in  the  millimeter  region.  Two 
major  problems  were  immediately  apparent.  First,  it  was  necessary 
to  simulate  free -space  conditions  around  the  model.  This  simulation 
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entailed  three  major  elements:  the  elimination  of  the  effects  of  the 
anechoic  chamber  on  the  measured  model  cross  section,  the  provision 
of  a  model  support  system  which  did  not  significantly  affect  the  model 
cross  section,  and  the  evaluation  of  the  effects  of  non-plane  illumination 
on  the  cross  section  measurements.  Second,  provided  free-space  con¬ 
ditions  had  been  successfully  simulated,  it  was  necessary  to  make  accur¬ 
ate  measurements  of  large  numbers  of  low  cross  section  models  over  a 
wide  range  of  model  sizes,  wavelengths,  aspects,  polarizations ,  'and 
bistatic  angles.  In  the  sections  which  follow,  we  will  deal  successively 
with  the  problems  of  non-plane  illuminations,  model  support,  background 
cancellation  techniques ,  and  the  development  of  sensitive,  accurate,  multi¬ 
capability  radars. 


Plane -Wave  Illumination 


Radar  cross  section  is  invariably  derived  under  conditions  of 
plane  wave  target  illumination,  and,  indeed,  in  the  full-scale  case,  the 
target  is  so  far  from  the  radar  that  the  spherical  wave  is  locally  plane. 

In  a  model  range,  the  target  is  close  to  the  radar  so  the  illumination  is 
spherical  rather  than  plane,  and  it  is  usually  assumed  that  the  illumination 
is  a  satisfactory  approximation  to  piano  wave  conditions  if  the  amplitude 
does  nm  vary  by  more  than  1  db  or  the  phase  by  V/s  over  tho  extent  of 
the  model.  Many  experiments  have  shown  that  this  is  indeed  a  reasonable 
criterion,  since  the  effect  of  slightly  non-plane  illumination  is  to  decrease 
the  gain  and  fill  in  the  sharp  nulls  without  significantly  changing  the  major 
features  of  the  measured  cross  section  pattern.  For  many  of  t’.e  targets 
investigated  with  the  radars  developed  by  the  authors,  the  target  was 
smaller  than  the  radar  antenna.  In  this  case  it  is  possible  to  measure 
target  cross  section  inside  the  Fresnel  zone  vf  the  antenna,  provided  the 
plane  wave  illumination  conditions  are  fulfilled.  Theoretical  predictions 
of  the  Fresnel  fields  of  square  and  circular  apertures  have  been  com¬ 
puted  "  and  the  authors  have  experimentally  confirmed  the  predictions3. 
We  have  found  that  the  amplitude  variation  is  the  limiting  restriction 
on  model  size  at  distances  closer  to  the  antenna  than  D* / X  while  phase 
variation  is  the  limiting  restriction  from  In  a  logical 

extension  to  this  work,  the  fields  in  the  focal  region  of  a  lens  have  been 


analyzedf®and  it  has  been  shown  that  sufficiently  uniform  fields  exist  in 


this  region  to  measure  models  up  to  2  X  in  diameter,  for  typical  lenses 
of  10X  aperture  and  focal  lengths  ranging  from  2  to  5  lens  diameters.  3 


Model  Support 


The  model  support  must  be  sufficiently  strong  and  rigid  to  fix 
the  model  securely,  yet  it  must  not  contribute  significantly  to  the  radar 
cross  section  of  the  model.  The  present  authors  have  used  polyfoam 
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towers  as  model  supports  since  these  towers  are  easy  to  construct,  are 
readily  tailored  to  individual  models ,  are  rigid  enough  for  small  models , 
are  suitable  for  rapid  measurements  of  a  series  of  models,  and  most 
important,  they  may  be  easily  tuned  to  have  very  low  radar  cross  sections. 
Reference  (4)  gives  the  details  of  adjusting  the  tower  diameter  to  obtain 
minimum  echo  area,  and  indicates  that  towers  of  about  1"  diameter  have 
been  constructed  which  have  a  cross  section  of  -50  db  X  (-80  dbm  )  at 
X-band,  -35  db  X2  (-76  dbm2)  at  35  Gc,  and  -25  db  X2  (-62  dbm2)  at  70  Gc. 
These  figures  are  about  15  db  better  than  results  reported  with  nylon 
strings  *  and  are  about  10  db  better  than  previously  reported  results 
for  polyfoam  towers 

BACKGROUND  ELIMINATION 


The  Anechoic  Chamber 


A  rectangular  anechoic  chamber  of  dimensions  40  x  12  x  60 
feet  covered  on  all  surfaces  with  microwave  absorber  was  used  to  house 
the  scattering  range.  Although  we  are  aware  of  the  many  methods  and 
philosophies  regarding  the  tuning  of  anechoic  chambers  to  achieve  a  mini¬ 
mum  background  cross  section,  no  special  effort  was  made  to  tune  this 
chamber.  Instead,  we  have  attempted  to  eliminate  the  interfering  range 
background  with  two  separate  techniques.  First,  the  use  of  the  CW 
balanced-bridge  radar,  in  which  the  total  background  signal  in  the  absence 
of  the  model  is  cancelled  by  a  phase -amplitude  nulling  circuit.  Second, 
the  use  of  a  short-pulse  radar,  whereby  all  background  except  that  in 
the  immediate  vicinity  of  the  model  is  eliminated  by  means  of  a  range 
gate.  Consider  first  the  short-pulse  radar. 

The  Short-Pulse  Radar 


Since  the  details  of  the  short-pulse  radar  are  fully  presented 
in  ref erence(5 ),  we  mention  here  only  some  highlights  of  the  performance 
and  problems  of  the  radar.  The  radar  frequency  was  35  Gc,  and  the 
minimum  pulse  length  was  12  ns.  The  transmitted  power  was  30  kw,  the 
receiver  tangential  sensitivity  was  -52  dbm  and  the  IF  frequency  was 
3000  me. 


The  received  back  scattered  pulse  amplitude  was  maintained 
constant  with  a  RF  servo-crystalled  attenuator  driven  by  a  masked-CRT 
photo-multiplier  detection  system,  so  that  cross  section  measurements 
accurate  to  one  db  were  possible  over  a  dynamic  range  of  50  db.  Separate 
antennas  were  used  for  the  transmitter  and  receiver  so  that  bistatic  and 
polarization  diversity  scattering  studies  with  both  rectangular  and  cir¬ 
cularly  polarized  radiation  were  possible.  Tunnel  antennas  were  used 
to  suppress  the  antenna  sidelobes  and  to  provide  an  isolation  of  better 


40 


than  130  db  between  the  transmitter  and  receiver  so  that  transmitter  re¬ 
ceiver  leakage  was  completely  eliminated.  For  a  typical  target  approxi¬ 
mately  12  inches  in  diameter  at  a  range  of  23  feet,  the  minimum  measur¬ 
able  cross  section  was  -20  db  X  2  (-61  dbm2).  The  major  limitation  to 
the  radar  sensitivity  has  been  the  support  system.  Due  both  to  the  rela¬ 
tively  large  towers  required  because  of  the  large  models,  and  the  wide 
frequency  content  of  the  short  pulse,  it  was  not  possible  to  obtain  styro¬ 
foam  towers  with  cross  sections  less  than  -20  db  A2  (-61  dbm2).  However 
this  sensitivity  was  adequate  for  the  models  to  be  measured  at  the  time 
(1958),  and  the  pulse  length  proved  short  enough  so  that  adequate  time 
separation  was  obtained  between  the  pulse  scattered  from  the  model  and 
that  scattered  from  the  back  wall  of  the  anechoic  chamber.  Even  at  the 
present  time,  five  years  after  the  original  design,  this  radar  has  a  unique 
combination  of  high  frequency  high  power,  and  narrow  pulse  width. 

The  CW  Balanced-Bridge  Radar 

With  a  CW  balanced-bridge  radar,  the  output  cf  the  receiver 
in  the  absence  of  a  model  is  the  vector  sum  of  the  backscattered  radiation 
from  the  anechoic  chamber  (including  the  model  support  system)  and  the 
leakage  signal  due  to  the  imperfect  isolation  properties  of  the  waveguide 
magic  tee.  This  output  signal  may  be  eliminated  if  it  is  combined  with 
a  signal  of  equal  amplitude  and  opposite  phase,  and,  provided  the  presence 
of  the  model  does  not  significantly  change  the  room  illumination,  or  the 
background  does  not  change  position,  and  both  the  cancellation  signal  and 
the  the  background  signal  do  not  change  amplitude  or  phase,  then  the 
background  effects  are  completely  eliminated,  and  the  model  appears  to 
be  in  free  space.  The  major  limitation  to  bridge  sensitivity  is  the  difficulty 
in  obtaining  a  complete  cancellation  of  the  background  signal  and  of  main¬ 
taining  this  cancellation  for  significant  periods  of  time.  The  maximum 
performance  is  obtained  only  if  the  following  conditions  are  met.  All 
waveguide  components  must  be  rigidly  mounted,  the  radar  must  be  rigidly 
fixed  in  place,  the  anechoic  chamber  must  be  closely  temperature  con¬ 
trolled,  the  transmitter  frequency  muBt  be  extremely  stable--preferably 
phase  locked  to  a  low  frequency  standard  oscillator,  and  the  cancellation 
circuits  must  be  capable  of  fine,  repeatable  control  of  both  the  amplitude 
and  phase  of  the  cancellation  signal.  Three  radars,  operating  at  fre¬ 
quencies  of  9  Gc,  35  Gc,  and  70  Gc,  have  been  constructed  following 
these  principles.  Details  of  the  35  and  70  Gc  radars  have  been  published 
elsewhere  so  we  only  summarize  here  the  performance  figures  attained. 

TABLE  II 

9,  35  and  70  Gc  Radar  Performance 


F  r equency 
Target  Size 
Minimum 
Detectable 
Cross  Section 
at  7.  oV* 


9  Gc 
12” 

-76  dbm2 
-45  db  A ‘ 


35  Gc 
3.  5" 


-35  db  A 


70  Gc 
3.  5” 


-76  dbm2  -62  dbm2 


-25  db  A' 
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The  above  performance  figures  were  measured  at  lb  A  with 
a  plane-wave  lens.  With  smaller  targets  and  focused  lenses,  significant 
increases  in  sensitivity  can  be  achieved.  For  example,  at  10  Gc  a  target 
of  2"  diameter  and  cross  section  -90  db m 2  (-60  db  X  )  can  be  measured 
and  at  35  Gc  a  target  of  0.  8"  diameter  and  cross  section  -95  dbm2 
(-54  db  X6)  can  be  measured.  The  essential  features  of  these  radars  are 
as  follows.  Both  transmitter  and  local  oscillator  klystrons  have  been 
phase-locked  through  a  phase-locked  multiplier  chain  to  a  1  Me  frequency 
standard.  The  phase  stability  of  the  system  is  such  that  an  isolation  of 
better  than  100  db  at  70  Gc  and  120  db  at  35  Gc  between  the  transmitted 
and  received  signals  has  been  maintained  across  the  hybrid  for  continuous 
periods  of  more  than  ten  minutes.  Also,  phase  can  be  measured  directly 
by  comparison  of  the  received  signal  against  a  reference  signed.  A  simple 
cancellation  circuit  has  been  included  which  has  enabled  the  bridge  to  be 
balanced  in  a  smooth,  controllable  manner.  The  amplitude  and  phase  of 
the  backscattered  wave  from  the  model  can  be  measured  with  an  accuracy 
of  better  than  _+  l  db  and  +  2°  respectively.  Models  are  supported  on 
styrofoam  towers  which  have  been  tuned  to  a  maximum  cross  section  of 
-76  dbm2  (-35  db  A2)  at  35  Gc  and  -62  dbm2  (-35  db  \2)  at  70  Gc. 

Recent  measurements  which  have  been  made  with  these  radars 
may  be  found  in  References  7,  8,  9. 

The  Phase  Comparison  Radar 

The  CW  balanced-bridge  radar  places  stringent  requirements 
on  the  frequency  stability  of  the  microwave  transmitter  klystron.  The 
beat  systems  have  therefore  stabilized  the  klystron  frequency  with  some 
fairly  elaborate  techniques- -for  example,  Pound  stabilizers,  crystal 
multiplier  chains ,  and  phase-locked  loops.  A  technique,  called  the 
phase-comparison  radar,  has  been  developed  in  which  the  microwave 
frequency  stability  requirements  can  be  relaxed,  and  in  which,  effectively, 
a  CW  balanced  bridge  operates  at  an  audio  modulating  frequency.  Details 
of  this  system  are  presented  in  Reference  (10),  so  only  the  essential 
features  of  the  system  are  presented  here. 

The  radar  consisted  of  a  double -sideband  suppressed  carrier 
Klystron  transmitter  (modulation  frequency  >,)  driving  the  usual  CW 
bridge.  The  unmodulated  Klystron  output  after  being  phase  modulated 
at  a  rate  w-4’  serves  as  the  local  oscillator.  The  output  signal  is  fed 
through  the  mixer,  a  bandpass  amplifier,  a  phase  detector  operating 
at  the  modulating  frequency  ,  a  tuned  amplifier  operating  at  , 
and  an  amplitude  detector.  It  can  be  shown  that  the  final  output  of  this 
system  is  of  the  form  £»  »  K  ecs  •  Thus  it  is  possible  to  balance 
the  bridge  by  adjusting  the  background  signal  from  the  far  wall  of  the 
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range  and  the  leakage  through  the  magic  tee  to  be  in  phase,  and  then 
adjusting  both  signals  to  be  90°  out  of  phase  with  the  reference  signal  in 
the  phase  detector,  so  that  the  bridge  output  in  the  absence  of  a  target 
is  zero.  An  operating  version  of  this  radar  has  been  constructed  at  10  Gc, 
and  operated  as  expected.  Background  cancellation  was  effective  at  both 
f'l  and  modulating  frequencies,  and  the  requirement  for  extreme  fre¬ 
quency  stability  on  the  vf  source  was  relaxed.  One  disadvantage  of  the 
bridge  was  that  no  tower  cancellation  waB  possible. 

GENERAL  COMMENTS  ON  MODEL  MEASUREMENTS  WITH  ANECHOIC 
CHAMBERS 

In  this  section  we  present  some  general,  possibly  controversial  con¬ 
clusions  about  mm-wave  model  measurements  in  anechoic  chambers.  We 
have  found  +  0.  5  db  to  be  about  the  best  possible  accuracy  with  which 
cross  section  measurements  can  be  quoted,  considering  the  errors  in 
illumination,  background  illumination,  RF  attenuators,  servo  driven  pen 
recorders,  and  other  error  sources,  and  we  feel  that  +  1  db  is  probably 
closer  to  the  actual  error  in  most  cases. 

All  our  models  are  constructed  to  tolerances  of  0.001"  in  dimension , 
0.10°  In  angle,  and  5u  In  surface  finish,  but,  for  most  models,  these 
tolerances  could  be  relaxed  by  a  factor  of  ten  without  changing  the  re¬ 
sults  significantly. 

For  small  models,  we  find  that  commercial  rotating  gear  is  inadequate 
because  the  excessive  vibration  of  these  units  changes  the  model  aspect 
during  rotation. 

The  basic  test  of  the  quality  of  our  measurements  has  always  been 
the  ability  to  reproduce  accurately  the  Mie  sphere  curves,  and  the  ability 
to  produce  symmetrical  patterns  with  deep  nulls.  The  ability  to  measure 
the  same  nose-on  cross  section  In  orthogonal  polarizations  is  also  impor¬ 
tant.  These  criteria  are  necessary,  butnot  sufficient  guarantees  of  good 
cross  section  measurements.  We  have  generally  evaluated  the  quality  of 
the  anechoic  chamber  by  rotating  a  sphere  off-center  on  a  tower. 

It  should  be  noted  that  one  of  the  virtues  of  the  CW  balanced-bridge 
technique  is  that  provided  only  the  nose-on  cross  section  of  the  model  is 
required,  and  the  model  does  not  have  to  be  rotated,  the  cross  section 
of  the  support  system  and  the  range  background  are  unimportant,  and  very 
low  cross  sections  can  be  measured.  The  limitations,  other  than  that  of 
changing  bridge  balance,  are  only  those  second  order  effects  caused  by 
the  change  of  background  illumination  due  to  the  model,  and  any  model- 
support  interactions. 
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In  Figure  1,  we  present  a  general  curve,  which  summarizes  the 
experience  we  have  had  with  the  CW  balanced  bridge.  In  this  figure,  we 
plot  minimum  measurable  model  cross  section  in  square  wavelengths 
against  the  model  diameter  in  wavelengths,  and  the  two  shaded  areas 
delineate  first  the  absolute  limits  of  model  geometry  which  can  be 
measured  with  the  balanced-bridge,  and  second,  the  combination  of 
model  size  and  cross  section  which  are  most  easily  measured  with  a 
balanced  bridge.  Points  typical  of  our  three  radars  are  also  included  in 
the  figure. 

In  Figure  2,  we  present  a  universal  design  chart  for  the  CW  balanced 
bridge  radar.  This  figure  plots  minimum  measurable  cross  section 
against  range  to  target  and  target  size  with  both  antenna  size  and  hybrid 
isolation  as  parameters.  The  figure  has  been  generated  from  the  radar 
equation:  ^  and  ^r°m  the  roughly  linear  relation  between 

model  size  and  distance  from  the  antenna.  The  three  radars  we  have  built 
all  perform  essentially  in  accordance  with  this  nomograph 

OTHER  APPLICATIONS  OF  MODELING  TECHNIQUES 

In  the  preceding  sections,  we  have  discussed  the  application  of  milli¬ 
meter  wave  radars  to  the  measurement  of  the  radar  cross  section  of  model 
targets  in  an  anechoic  chamber.  The  study  of  reentry  phenomena  is 
another  area  in  which  millimeter  wave  radars  and  modeling  techniques 
have  been  successfully  applied.  Many  of  the  relevant  phenomena  of  reentry 
can  be  duplicated  under  laboratory  conditions  with  a  hypersonic  ballistics 
range--a  device  in  which  small  models  are  accelerated  to  high  velocities 
and  fired  through  long  tunnels  containing  controlled  atmospheres.  In 
particular  it  is  easy  to  make  detailed  studies  of  the  flow  field  and  plasma 
effects  over  a  wide  range  of  pre-selected  velocities  and  pressures,  and, 
as  part  of  these  studies,  we  have  instrumented  a  CW  doppler  radar  with 
the  beam  located  along  the  flight  direction  to  make  direct  measurements 
of  the  nose -on  echo  area  of  a  projectile  in  flight.  As  was  the  case  for 
model  measurements  in  anechoic  chambers ,  ballistic  range  measurements 
require  the  simulation  of  free  space  conditions.  The  doppler  shift  pro¬ 
duced  by  the  moving  projectile  has  been  used  to  isolate  the  desired  pro¬ 
jectile  signal  from  the  clutter  arising  out  of  the  stationary  background. 
Details  of  this  technique  are  given  in  References  11,  12,  13  and  14.  At 
present,  we  operate  two  CW  doppler  radars  at  35  and  70  Cc  simultaneously, 
diplexing  the  radar  beams  by  means  of  a  wire  grid  reflector.  Both  radars 
are  capable  of  measuring  projectile  radar  cross  section  to  within  _+l  db 
over  a  range  from  -10  db  A  to  +30  db  A  (from  -51  dbm^  to  -11  dbm^  at 
35  Gc  and  from  -57  dbrrC  to  -17  dbm^  at  70  Gc)  while  the  projectile  range 
varies  from  6  to  30  feet.  Radar  antennas,  reflectors  and  microwave 
windows  have  been  designed  so  that  the  maximum  operating  range  with  a 
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minimum  of  interference  from  the  sides  of  the  ballistic  range  is  achieved, 
with  a  minimum  use  of  microwave  absorber  to  line  the  tank.  Excellent 
agreement  between  the  radar  cross  section  measured  in  flight  and  that 
obtained  in  the  anechoic  chamber  has  been  noted.  Further,  significant 
changes  in  the  projectile  radar  cross  section  due  to  the  plasma  sheath 
have  also  been  noted,  and  these  changes  are  being  correlated  with  the 
plasma  properties. 

Another  version  of  the  CW  doppler  radar  has  been  installed  with  the 
beam  located  at  45°  to  the  flight  axis.  This  oblique  radar  is  used  to 
measure  the  properties  of  the  wake  behind  the  projectile.  In  particular, 
transition  from  laminar  to  turbulent  flow  in  the  wake  can  be  observed, 
and  measurements  of  the  wake  velocity  can  be  made. 

The  radar  operates  at  35  Cc  and  is  essentially  similar  to  the  two 
radars  described  above.  A  24"  diameter  FI  lens  focused  on  the  range 
axis  provides  a  spatial  resolution  of  about  two  wavelengths  along  the  flight 
axis.  Coarse  cancellation  of  the  background  is  accomplished  at  microwave 
frequencies,  and  the  doppler  shift  is  used  to  isolate  the  projectile  signal 
from  the  stationary  background.  Minimum  detectable  signal  is  about 
-20  db  \  . 
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STATE -OF-THE-ART 
ANECHOIC  BACKSCATTER  RANGES 

W.  H.  Emerson,  Mgr.  Absorbent  Materials  and  Systems,  B.  F.  Goodrich 
F.  P.  Brownell,  Senior  Microwave  Engineer,  B.  F.  Goodrich 
Shelton,  Connecticut 

INTRODUCTION 

It  has  now  been  some  ten  years  since  the  first  "darkroom"  was  de¬ 
scribed  in  the  technical  literature.  *  This  particular  room,  like  the  ma¬ 
jority  of  those  which  have  followed,  was  brought  into  being  primarily  as 
a  facility  for  indoor  measurement  of  antenna  parameters.  While  a  number 
of  such  rooms  have  been  put  to  good  use  in  the  measurement  of  radar  cross 
sections,  it  has  only  been  relatively  recently  that  concerted  attention  has 
been  given  to  acquiring  an  understanding  of  the  particular  requirements  im¬ 
posed  by  backscatter  work.  Once  development  effort  was  directed  toward 
this  end,  performance  of  chambers  with  respect  to  radar  reflectivity  char¬ 
acteristics  began  to  show  steady  improvement;  a  trend  which  is  continuing 
through  the  present  and  maybe  expected  to  continue  in  the  future.  We,  as 
chamber  designers  and  suppliers,  see  solid  evidence  to  indicate  that  the 
backscatter  chambers  of  today  have  inherent  radar  cross  sections  which 
are  a  number  of  orders  of  magnitude  better  than  those  of  a  year  or  two 
ago.  Much  of  the  interesting  recent  progress  has  not  yet  been  reported 
in  the  open  literature.  The  primary  purpose  of  this  paper  therefore  be¬ 
comes  the  description  of  the  state-of-the-art  in  backscatter  chambers  as 
seen  from  this  vantage  point.  During  the  course  of  this  description,  em¬ 
phasis  will  be  placed  on  aspects  such  as;  1.  )  the  definition  of  customary 
means  of  describing  backscatter  chamber  performance,  2.  )  the  inherent 
chamber  crose  section  levels  which  can  be  currently  achieved,  3.  )  the  de¬ 
sign  techniques  through  which  such  performance  can  be  accomplished  and 
4.  )  the  measurement  techniques  through  which  such  levels  can  be  quantita¬ 
tively  measured.  Comparison  of  these  performance  characteristics  with 
those  of  other  types  of  ranges  is  suggested. 

DESCRIPTION  OF  THREE  MODERN  INDOOR  REFLECTIVITY  CHAMBERS 

There  would  appear  to  be  no  better  way  to  describe  the  state-of-the-art 
in  anechoic  backscatter  ranges  than  to  describe  existing  new  chambers 
which  have  been  specifically  designed  to  provide  nighest  performance  for 
reflectivity  measurements.  Consequently,  we  present  in  Table  I  a  wide 
variety  of  comparative  data  and  information  on  three  chambers  of  this  type 
which  have  recently  been  designed  and  installed  by  this  company.  We  be¬ 
lieve  that  these  facilities  qualify  for  use  of  the  term  "  state -of- tte-art"  as 
a  result  of  their  high  levels  of  performance  and  the  fact  that  this  perfor¬ 
mance  is  directly  attributable  to  new  materials  and  techniq”es. 
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TABLE  I 

Comparative  information  on  three  recent  state -of-the -art  reflectivity  chambers 
designed  and  installed  by  the  B.  F.  Goodrich  Company.  * 

Reflectivity  Characteristics  at  X-Band 

Equivalent  radar  cross  section  at  25  feet  for  stated  path  length 


CTt  (favorable  tilt  angle) 

O  v  (back  wall  vertical) 

Apparent  reflection  coefficient 

pt  (determined  from  Ot) 
pv  (determined  from  (X) 
pv  ("Free  Space  VSWR" 
technique) 

Measurement  Conditions 
Path  length  to  back  wall 
Frequency 

Crosstalk  before  cancellation 
Crosstalk  after  cancellation 
Antennas 

Receiver  sensitivity 
Generator  output  level 
Noise  level  in  terms  of  O' 
Reference  target  sizes  2 

Design  Characteristics 


Martin 

60  db  <M2 
30  db  : 
49  db  <M2 


77  db 
66  db 
62  db 


Spe  rry 


66  db  <M2 
36  db  <A2 
30  db  <M  2 


60  db  <M2 
50  db<A* 
45  db<M2 


85  db 
49  db 
not  meas. 


50  ft.  39  ft. 

10.  0  KMC  10.  0  KMC 

10  db  <  M2  35  db<M2 

65db<M2  85db<M2 

Parabolas,  Parabolas, 

D  =  1  ft.  D  =  1  ft. 

-85  dbm  -85  dbm 

+23  dbm  +23  dbm 

53db<M2  63  db<  M2 

.  10  in.  ,  28  db<M2  Same 
624  in.  ,  43  db^M2  Same 


99  db 
64  db 
67  db 


39  ft. 

10.  0  KMC 
35  db<M2 
88  db<.M2 
Parabolas, 
D  =  1  ft. 

- 100  dbm 
+  20  dbm 
60  db  <  M2 
Same 
Same 


Back  wall 

VHP-26, 

Tilt  Wall 

VHP-45, 

Tilt  Wall 

VHP-45 

Tilt  Wall 

Side  walls,  floor  and  ceiling 

VHP-18 

VHP -26,  18 

VHP-26,  18 

Front  wall 

VHP- 18 

HV-8 

HV-8 

Baffles 

None 

None 

None 

Floor  work  areas 

None 

Each  End 

Each  End 

Shielding  requirement 

None 

Moderate 

None 

Construction 

Outdoor, 
Gnder  block 

Indoor,  r  od. 
Plywood 

Indoor,  modular 
Plywood 

Ventilation 

Forced  air 

Air  condition. 

Forced  air 

Lighting 

Incandescent 

Incandescent 

Incandescent 

Cross  section  dimensions,  Q  D. 

20x20  ft. 

16x16  ft. 

20x20  ft. 

Length  dimension,  O.  D. 

50  ft. 

46  ft. 

46  ft. 

♦It  is  suggested  that  those  who  are  interested  in  detailed  design  and  measurement 
information  on  these  chambers  query  the  B.  F.  Goodrich  Co.  for  copies  of  the 
evaluation  reports  which  are  available  on  each. 
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Prior  to  considering  the  observed  performance  levels  of  these  cham¬ 
bers,  it  would  seem  appropriate  to  provide  discussion  of  the  means  which 
are  commonly  employed  (and  are  here  used)  to  quantitatively  describe 
chambers  with  respect  to  their  backscatter  properties.  Two  systems  may 
be  encountered:  1.  )  one  defines  chambers  in  terms  of  their  inherent  ra¬ 
dar  cross  section,  2.  )  the  other  in  terms  of  their  apparent  reflection  co¬ 
efficient.  While  one  may  readily  convert  from  one  system  to  the  other,  the 
two  are  sufficiently  different  in  viewpoint  to  suggest  continued  existence  of 
both  for  the  present.  They  are  separately  considered  below: 

Inherent  Radar  Cross  Section.  This  terminology  describes  a  cham¬ 
ber  in  the  manner  which  is  customary  for  other  types  of  radar  targets,  i.  e. 
in  terms  of  the  cross  section  of  the  equivalent  sphere  that  would  produce 
the  same  return  signal  at  the  receiver  as  does  the  empty  chamber.  In  the 
case  of  other  targets,  the  distance  to  the  reference  sphere  and  the  target 
is  taken  as  the  same  so  that  the  target  may  be  described  by  a  cross  section 
value  which  is  exclusively  a  function  of  target  reflection  properties  and  in¬ 
dependent  of  distance.  Inthe  case  of  a  chamber,  however,  it  is  not  as  ob¬ 
vious  as  to  what  distance  should  be  chosen  for  the  reference  sphere  since 
a  chamber  does  not  appear  at  a  discrete  point  in  space.  While  the  distance 
to  the  chamber  back  wall  might  have  been  established  as  a  reference  point, 
it  has  instead  become  customary  to  define  the  inherent  cross  section  of  a 
chamber  with  the  sphere  located  at  a  fixed  distance  and  hence  unrelated  to 
chamber  dimensions.  Values  are  commonly  quoted  with  the  reference  dis¬ 
tance  chosen  as  25  feet  (as  in  Table  I),  50  feet,  or  the  distance  of  the  tar¬ 
get  pedestal  in  a  particular  chamber. 

This  means  of  describing  chamber  performance  provides  both  ad¬ 
vantage  and  disadvantage.  The  advantage  is  that  it  expresses  quality  in 
terms  of  radar  cross  section;  a  concept  which  is  famliar,  useful  and  ap¬ 
propriate  for  chambers  of  this  type.  On  the  other  hand,  the  cross  section 
numerical  value  is  not  exclusively  a  function  of  chamber  reflection  properties 
but  is,  in  addition,  a  function  of  both  reference  target  distance  and  back 
wall  distance.  As  a  result,  a  direct  comparison  between  values  quoted  for 
one  chamber  cannot  be  readily  made  with  values  quoted  for  another  unless 
the  values  are  converted  to  the  same  basis  with  respect  to  both  distance 
factors.  Such  conversion  can  be  made  with  knowledge  that:  1.  )  the  radar 
cross  section  value  for  a  chamber  varies  directly  as  the  fourth  power  of 
distance  to  the  reference  sphere  (ref.  radar  range  equation),  and  2.  )  the 
equivalent  radar  cross  section  at  a  fixed  distance  varies  inversely  as  the 
square  of  the  distance  to  the  back  wall,  5  The  equation  for  the  conversion 
follows: 
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<T2  =  CTl  +  10  Log  /  Rtl  )4  /  Rw2>2  (db<M2)  (1) 

Rt2  Rwl 

where  O  j  and  O  2  =  chamber  equivalent  radar  cross  sections 

(db^M2)  at  reference  target  distances 
Rtl  and  R(2  In  chambers  1  and  2 

RW1  and  Rw2  ®  Radar  to  back  wall  distances  in  chambers 
1  and  2. 

The  following  is  an  example  of  such  conversion:  Assume  it  is 
necessary  to  convert  the  equivalent  cross  section  of  a  chamber  known  to  be 
60  db^M2  at  25  feet  with  50  foot  distance  to  the  back  wall  to  the  equivalent 
cross  section  at  100  feet  with  120  foot  wall  distance  for  purposes  of  com* 
parison  with  another  chamber.  With  the  aid  of  the  above  equation,  it  may 
be  shown  that  the  numerical  value  for  the  first  chamber  becomes  43.  5  db^M 
at  100  feet  with  the  back  wall  at  120  foot  distance.  It  might  not  be  apparent 
to  the  uninitiated  that  two  numerical  values  which  superficially  appear  so 
dissimilar  describe  the  same  quantitative  phenomena.  The  disadvantage  is 
evident  of  this  description  method  in  not  providing  a  unique  number  to  de¬ 
scribe  chamber  performance. 

Turning  now  to  the  X-Band  reflectivity  values  quoted  in  Table  1,  we 
find  that  th^se  three  chambers  show  equivalent  radar  cross  sections  of 
10*b  to  10*  square  meters  at  25  feet  over  close  to  full  path  length  with  the 
back  wall  set  at  a  favorable  tilt  angle.  (The  effects  of  back  wall  tilt  are  dis¬ 
cussed  in  a  Later  section. ) 

A  comparison  of  these  cross  section  values  with  the  encountered 
systems  noise  levels  listed  in  Table  I  for  these  chambers  shows  that  with 
each  the  level  of  chamber  reflected  energy  was  so  low  as  to  be  below  re¬ 
ceiver  noise.  (The  technique  developed  to  measure  cross  section  when  be¬ 
low  noise  is  described  in  a  later  section.  )  It  Is  our  understanding  that 
these  chambers  represent  the  first  time  that  this  condition  has  been  achieved. 
We  speculate  that  it  would  be  desirable  during  use  of  a  chamber  to  know  that 
any  observed  signal  was  not  con-Mg  from  the  chamber.  As  a  result  of  the  low 
Inherent  cross  sections,  these  chambers  provide  opportunity  for  work  with 
smaller  targets  or  for  higher  accuracy  on  larger  targets.  An  idea  of  the  ac¬ 
curacy  available  may  be  determined  from  the  recording  of  Figure  1  which 
shows  a  small  target  with  a  cross  section  of  42  db^M2^  at  25  feet  moving  in 
and  out  of  phase  with  chamber  reflected  energy.  It  may  be  noted  that  finite 
reflections  from  the  chamber  are  here  causing  an  uncertainty  of  only  about 
plus  or  mlnusO.  1  db  in  the  value  of  cross  section  for  a  target  of  as  small  a 
size  as  this. 

Also  listed  in  Table  I  am  values  for  the  inherent  cross  section  of 
these  chambers  for  the  condition  where  the  back  wall  Is  vertical.  This  data 
has  been  included  to  facilitate  comparison  with  chambers  having  the  conven¬ 
tional  five-l  back  wall.  It  will  be  noted  that  one  of  the  chambers  showed  an 
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appreciably  higher  value  of  croee  section  for  the  condition  of  wall  vertical 
despite  the  similarity  of  design  to  the  other  two.  Study  of  the  recordings 
of  cross  section  vs.  tilt  angle  for  each  of  these  chambers  reveals  that 
cross  section  values  averaged  over  a  range  of  angles  are  similar  on  all 
three  chambers  but  that  values  at  any  given  tilt  angle  (including  0*)  may 
vary  appreciably.  It  appears  that  the  quality  of  the  absorbent  material 
determines  the  general  level  but  that  superimposed  on  this  level  are  max- 
imums  and  mlnimums  which  we  attribute  to  diffraction  phenomena  (i.  e. 
the  particular  vector  sum  of  all  the  unit  wall  vectors  at  that  particular 
angle  and  frequency).  These  recordings  clearly  show  that  a  higher  value 
was  encountered  for  this  chamber  because  a  peak  in  the  diffraction  pat¬ 
tern  here  happened  to  fall  with  the  wall  vertical.  The  tilt  wall  may  be 
thought  of  a  means  of  insuring  that  such  peaks  can  always  be  avoided  and 
that  good  nulls  can  always  be  introduced  to  achieve  lower  levels  of  inherent 
cross  section. 

Reflection  Coefficient.  This  terminology  describes  a  chamber  on 
a  basis  of  the  ratio  of  incident  to  reflected  energy  just  as  is  done  with  ab¬ 
sorbent  materials.  In  the  case  of  materials,  the  reflection  coefficient 
describes  (and  it>  determined  from)  the  level  of  reflected  energy  from  the 
absorber  with  respect  to  the  level  of  Incident  energy  from  a  flat  conducting 
surface.  In  the  case  of  a  chamber,  the  reflection  coefficient  similarly  de¬ 
scribes  (and  maybe  determined  from)  the  level  of  chamber  reflected  energy 
with  respect  to  the  level  of  incident  energy  calculated  to  come  from  an  in¬ 
finite  flat  conducting  surface  located  at  the  distance  of  and  In  the  plane  of 
the  damber  back  wall.  Since  radar  cross  section  is  proportional  to  power, 
the  reflection  coefficient  also  describes  (and  maybe  determined  from)  the 
ratio  of  inherent  chamber  cross  section  to  the  cross  section  calculated 
for  an  infinite  conducting  surface  located  at  the  back  wall. 

The  reflection  coefficient  of  a  chamber  is  thus,  by  definition,  the 
reflection  coefficient  of  the  absorbent  material  on  the  back  wall  as  measured 
in  the  chamber.  To  express  chamber  quality  in  terms  of  reflection  coeffici¬ 
ent  is  to  state  that  the  observed  level  of  chamber  reflected  energy  or  the  ob¬ 
served  level  of  inherent  chamber  cross  section  is  that  expected  for  an  in¬ 
finite  conducting  surface  located  in  the  plane  of  the  chamber  back  wall  when 
covered  with  an  absorber  having  the  stated  value  of  reflection  coefficient. 

The  concept  of  thinking  of  chamber  reflected  energy  as  emanating 
from  the  material  of  the  back  wall  is  well  related  to  practice  since  back- 
scatter  chambers  are  typically  used  and  defined  with  sufficient  antenna 
directivity  to  limit  illumination  to  the  back  wall  and  thus  avoid  degradation 
of  chamber  cross  section  by  reflection  from  side  wall,  floor  and  celling  re¬ 
gions.  It  is  for  reason  of  such  illumination  that  the  reference  value  for  the 
conducting  surface  is  calculated  from  the  case  of  an  infinite  wall  rather  than 
a  finite  wall  with  dimensions  of  the  chamber  cross  section.  Use  of  the  latter 
case  Is  not  considered  here  appropriate  since,  with  typical  chamber  illumina¬ 
tion,  the  edges  of  the  back  wall  are  indefinite  as  the  result  of  low  illumination. 
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The  expression  of  interest  for  the  infinite  wall  case  is  O'  -  TfR  where 
R  is  the  distance  to  the  chamber  back  wall  in  meters  and  O'  is  the  equiva¬ 
lent  cross  section  at  the  distance  of  the  back  wall  expressed  in  square 
meters.  In  view  of  the  importance  here  of  this  expression  and  the  fact 
that  it  is  not  familiar  to  all,  we  include  a  derivation  in  Appendix  A. 

Defining  chamber  performance  in  terms  of  reflection  coefficient 
also  presents  disadvantages.  The  chief  disadvantage  appears  to  be  that 
definition  is  less  familiar  to  users  of  backscatter  chambers,  and,  in  ad¬ 
dition,  cannot  be  directly  applied  to  backscatter  problems  without  conver¬ 
sion  back  to  cross  section  units.  On  the  other  hand,  advantage  is  offered 
since  the  reflection  coefficient  definition  describes  both  chambers  and  ma¬ 
terials  in  the  same  manner  and  hence  both  have  essentially  the  same  nu¬ 
merical  value.  The  only  difference  is  that  the  chamber  reflection  coeffici¬ 
ent  describes  (and  is  determined  from)  an  aggregate  of  absorber  pieces 
mounted  on  the  back  wall  in  a  chamber  whereas  the  reflection  coefficient 
of  the  material  describes  (and  is  determined  from)  individual  pieces  or 
small  groups  of  pieces.  The  reflection  coefficient  concept  thus  provides 
distinct  advantage  in  choosing  a  back  wall  material  to  meet  a  particular  re¬ 
quirement  or  in  predicting  chamber  performance.  Rrhaps  the  most  im¬ 
portant  advantage  to  use  of  reflection  coefficient  is  that  it  provides  a  unique 
numerical  value  to  describe  a  chamber.  This  value  is  exclusively  a  function 
of  chamber  reflection  properties  and  is  thus  independent  of  the  distances  to 
a  reference  sphere  or  a  back  wall.  Values  for  various  chambers  can,  with 
this  definition,  be  directly  compared  without  need  for  conversion  to  common 
distances  as  is  required  for  the  radar  cross  section  definition. 

Table  I  contains  reflection  coefficient  values  for  each  of  the  three 
chambers  under  conditions  where,  in  one  case,  the  back  wall  is  set  at  a 
favorable  angle  and  in  the  other  where  the  back  wall  is  fixed  at  vertical. 

Note  that  in  the  best  chamber  a  reflection  coefficient  value  of  approximately 
100  db  was  encountered  at  a  favorable  back  wall  tilt  angle.  This  value  ac¬ 
tually  means  that  the  amount  of  chamber  reflected  energy  measured  back 
at  the  receiving  antenna  was  the  amount  that  would  be  expected  from  a  con¬ 
ducting  wall  at  the  other  end  of  the  chamber  when  this  wall  was  covered 
with  an  absorbing  material  having  normal  incidence  reflection  coefficient 
of  approximately  100  db.  Since  materials  are  not  known  which  reduce  re¬ 
flection  by  this  amount,  measurement  of  this  low  a  value  for  the  chamber 
gives  evidence  of  the  effectiveness  of  the  tilt  wall  in  further  reducing  the 
level  of  reflected  energy  beyond  that  provided  by  the  material  with  fixed  ver¬ 
tical  mounting. 

It  will  be  noted  that  the  table  lists  reflection  coefficient  values  for 
the  condition  of  back  wall  vertical  as  determined  in  two  different  ways.  In 
one  case  the  values  were  obtained  from  the  ratio  of  the  inherent  cross  sec¬ 
tion  measured  in  the  chamber  to  the  cross  section  calculated  for  the  con¬ 
ducting  wall.  In  the  other  case,  values  for  two  of  the  three  chambers  were 


55 


acquired  by  measurements  of  reflection  coefficient  by  the  "free  space 
VSWR"  technique  which  is  commonly  employed  to  measure  the  reflec¬ 
tion  properties  of  chambers  designed  for  antenna  measurements,  A  com¬ 
parison  of  the  reflection  coefficient  values  from  the  two  methods  is  of  in¬ 
terest.  It  will  be  noted  from  the  data  of  Table  I  that  the  values  for  both 
chambers  by  both  methods  differed  by  not  more  than  4  db.  Such  agreement 
is  interpreted  as  lending  support  for  the  concepts  here  presented. 

The  magnitude  of  values  for  the  condition  of  back  wall  vertical 
is  also  of  interest  since  opportunity  is  here  provided  for  comparing  the  re¬ 
flection  coefficient  measured  in  a  chamber  with  the  reflection  coefficient  of 
the  materials  covering  the  back  wall.  The  fact  that  the  values  for  the  cham¬ 
ber  are  here  found  to  be  the  range  of  60  to  70  db  would  indicate  that  the  back 
wall  materials  were  characterized  by  similar  reflection  coefficient  values. 
Such  a  comparison  is  limited  in  the  case  of  these  chambers  however,  since 
the  reflection  properties  of  the  materials  here  used  are  not  quantitatively 
well  known.  This  is  the  case  because  techniques  are  not  available  at  this 
time  for  making  measurements  on  individual  pieces  or  small  groups  of 
pieces  which  have  such  low  reflection  coefficients.  A  variety  of  both  prac¬ 
tical  and  conceptual  problems  involving  factors  such  as  edge  reflections, 
size  effects,  etc.  limit  measurements  with  reasonable  accuracy  to  the 
50  db  range  at  the  present  state-of-the-art.  On  the  other  hand,  we  propose 
that  in  view  of  the  manner  in  which  these  measurements  were  made,  they 
may  be  considered  as  providing:  1.  )  the  first  quantitative  measurement 
of  the  normal  incidence  reflection  coefficient  of  any  materials  into  the  60- 
70  db  range  and  2,  )  the  first  confirmation  that  materials  can  be  provided 
which  have  a  reflection  coefficient  as  low  as  60  to  70  db  down. 

Prior  to  completing  this  section  it  might  be  well  to  point  out  cer¬ 
tain  limitations  to  both  of  the  above  means  of  describing  the  reflection 
properties  of  backscatter  chambers. 

a.  Both  describe  chamber  performance  for  the  case  where 
the  chamber  is  empty  or  contains  a  physically  small  target.  Some  classes 
of  targets  cause  significant  enhancement  of  apparent  chamber  cross  section 
which  in  turn  causes  measurement  error  above  that  preu.^ied  on  the  basis 
of  known  values  of  chamber  cross  section  or  reflection  coefficient, 

b.  Both  describe  chamber  performance  for  the  condition  of  low 
side  wall  illumination.  During  such  times  as  it  is  necessary  to  measure 
with  smaller  antennas,  it  should  be  borne  in  mind  that  the  inherent  chamber 
cross  section  will  be  degraded  and  will  be  a  function  of  the  degree  of  side 
wall  illumination. 

c.  Neither  describes  how  much  undesired  energy  may  be  ar¬ 
riving  at  the  test  site  via  specular  or  non  specular  reflection  from  the  side 
wall,  floor  and  ceiling  surfaces  to  constitute  a  source  of  measurement  error. 
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<1.  Neither  describes  how  good  a  chamber  is  in  regard  to  secon¬ 
dary  reflections,  i.  e.  reflections  from  large  objects  under  test  to  adjacent 
wall  surfaces,  and  thence  back  to  the  object  to  appear  as  a  form  of  error. 

It  may  be  anticipated  that  future  definitions  of  chamber  reflectivity 
performance  will  be  expanded  to  include  description  in  terms  of  these  factors 
and  that  this  will  provide  impetus  to  development  of  improved  solutions  to 
the  basic  chamber  problems  represented  by  these  factors. 

Design  Aspects  of  These  Chambers 

While  a  variety  of  second  order  factors  have  contributed  to  the  ob¬ 
served  performance  levels,  comment  will  be  limited  in  this  section  to  the 
two  design  factors  which  are  primarily  responsible  for  the  advancement  of 
these  chambers  over  prior  art.  These  important  factors  are:  a.  )  the  ab¬ 
sorbing  materials  used  on  the  back  wall  and  b.  )  the  arrangement  for  tilting 
the  back  wall.  In  view  of  their  significance,  they  are  separately  considered 
below. 


a.  Absorbing  Materials.  Each  of  the  three  chambers  used  the 
B.  I  .  Goodrich  VHP  (Very  High^erfor mance)  materials  to  completely 
cover  the  back  wall  regions.  This  particular  type  was  chosen  in  view  of 
interest  that  each  of  these  chambers  exhibit  performance  at  the  state -of- 
the  -art. 


This  particular  material  is  In  the  form  of  an  aggregate  of  flexible 
foam  dissipative  pyramids.  The  function  of  the  geometrical  shaping  is  to 
effectively  reduce  reflection  by  providing  a  long,  gradual,  discontinuity 
free  taper  from  the  propagation  characteristics  of  free  space  to  the  propa¬ 
gation  characteristics  of  the  dissipative  medium.  Use  of  the  pyramidal 
shape  provides  a  transition  where  the  loss  increases  at  an  exponential 
rate.  This  particular  rate  of  change  is  known  to  be  desirable  for  two  rea¬ 
sons:  1.  )  it  is  economical  in  terms  of  thickness  for  a  given  performance 
at  the  low  frequency  end,  2.  )  it  provides  a  general  trend  of  decreasing  re¬ 
flection  with  increasing  taper  length  which  allows  achievement  of  very  low 
reflection  coefficients  with  very  long  tapers. 

Forty-five  (45)  inch  thick  versions  of  VHP  material  were  used  on 
the  back  wall  in  two  of  these  chambers.  This  physical  thickness  provides 
at  X-Band  a  taper  which  is  extremely  long  in  terms  of  wavelengths  (approx¬ 
imately  40^)  and  a  taper  which  is  extremely  gradual  in  terms  of  change 
per  wavelength.  These  factors  are  undoubtedly  important  in  the  attainment 
of  the  60  -  70  db  normal  incidence  reflection  coefficient  attributed  to  this 
material  at  this  frequency.  While  use  of  such  thick  materials  at  such  high 
frequencies  maybe  surprising  to  some,  it  is  our  understanding  that  per¬ 
formance  at  this  level  cannot  be  attained  in  any  other  manner  at  the  present 
state-of-the-art. 
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b.  Tilt  Wall,  What  is  referred  to  here  is  an  arrangement  which 
has  been  designed  into  each  of  these  three  chambers  to  allow  the  back  wall 
to  be  tilted  through  an  angle  range  of  approximately  20 *  from  the  vertical 
and  set  at  an  angle  which  directs  a  good  null  in  wall  reflection  back  down 
axis.  The  idea  is  carried  out  with  a  motor  drive  on  a  hinged  absorber 
covered  wall  that  is  of  a  size  approximating  this  inside  dimension  of  the 
chamber.  Controls  for  the  motor  are  returned  to  the  receiving  position 
so  that  the  operator  may  conveniently  find  such  a  null  by  observing  receiv¬ 
er  output. 

It  will  be  appreciated  that  motion  of  a  wall  in  this  manner  may 
be  expected  to  provide  variations  of  reflected  energy  at  the  receiver  as  a 
result  of  what  might  be  considered  as  a  scanning  through  a  portion  of  the 
back  wall  diffraction  pattern.  The  observed  results  appear  to  be  in  keep¬ 
ing  with  the  complex  diffraction  pattern  that  might  be  expected  for  a  large 
surface  which  varies  in  both  phase  and  amplitude  of  reflection  from  point 
to  point  on  its  surface.  Figure  2  shows  a  typical  recording  of  the  encoun¬ 
tered  variation  of  reflected  energy  (and  hence  inherent  radar  cross  ssotion) 
with  tilt  angle. 

What  is  of  primary  importance  here,  however,  is  that  tilting  the 
back  wall  exhibits  deep  nulls  which  represent  a  significant  improvement 
in  radar  cross  section.  Figure  2  for  example  shows  a  number  of  nulls 
going  down  into  noise  at  53  db{M  .  Noise  level  is  here  expressed  in 
equivalent  cross  section  at  25  feet.  Measurements  which  are  described 
in  the  following  section  have  shown  that  the  level  of  energy  in  the  nulls  may 
be  as  much  as  20  db  below  noise.  These  measurements  have  also  revealed 
that  there  may  be  a  ratio  in  excess  of  40  db  between  the  level  of  the  worst 
peak  and  the  best  null  with  tilt  over  a  20®  range  of  angles. 

Reference  is  again  made  to  Figure  1  in  view  of  its  importance  in 
demonstrating  the  achievement  of  a  very  low  inherent  chamber  cross  sec¬ 
tion  using  the  tilt  wall  to  provide  a  favorable  wall  angle.  At  the  upper  right 
of  this  recording  is  shown  the  trace  of  &  swinging  sphere  of  a  size  28  db^b£. 
No  sign  of  periodicity  is  detected  which  might  be  attributed  to  the  sphere 
passing  in  and  out  of  phase  with  the  chamber.  In  the  center  left  region  of 
the  recording  is  noted  the  trace  of  a  swinging  43  db  (M2  sphere.  With 
this  small  target  a  periodic  variation  of  approximately  0.  2  db  is  noted  as 
the  moving  sphere  alternately  passed  in  and  out  of  phase  with  the  fixed 
chamber  reflection.  It  may  be  shown  that  a  periodic  variation  of  this  mag¬ 
nitude  is  attributable  to  a  signal  some  38  db  below  the  level  of  the  sphere. 

We*  therefore,  determine  that  the  level  of  the  chamber  is  here  38  db  below 
the  43  db^M  sphere  or  at  approximately  81  db  ^M2.  Ambiguity  as  to 
whether  the  weaker  or  stronger  level  represents  the  sphere  or  the  chamber 
is  easily  resolved  in  view  of  the  change  of  average  level  with  change  of 
sphere  size.  It  was  established  in  a  manner  described  in  the  following  sec¬ 
tion  that  the  crosstalk  between  transmitter  and  receiver  during  this  recording 
was  cancelled  to  a  level  at  least  88  db  (  M2,  Receiver  noise  was  at  a  level 
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Fig.  1:  Recording  of  received  energy  with  reference  sphere  swinging. 

Vector  summation  of  sphere  and  chamber  produces  observed 
VSWR.  Magnitude  of  VSWR  at  0.  2  db  indicates  chamber  is  38 
db  below  sphere  and  therefore  has  equivalent  radar  cross  sec¬ 
tion  at  25  feet  of  approx.  80  db  below  a  square  meter. 


Fig.  2:  Recording  of  inherent  radar  cross  section  during  back  wall 
tilt.  Note:  Signal  goes  into  noise  (at  CT  =  53  db<M2)  at  a 

number  of  points. 
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equivalent  to  60  db 


V,’e  thus  see  that  a  combination  of  state-of-the-art  absorbing  ma¬ 
terials  in  conjunction  ■with  a  tilt  wall  can  offer  opportunity  for  accurate  cross 
section  measurements  to  a  level  close  to  noise.  Patent  application  has  been 
made  on  the  proprietary  tilt  wall  feature  by  the  B.  F.  Goodrich  Co. 


Measurement  Techniques 


Inherent  Radar  Cross  Section.  A  number  of  organizations  have  used 
the  technique  described  in  these  references  2,  3  to  measure  the  inherent  ra¬ 
dar  cross  section  of  backscatter  chambers.  This  method  basically  com¬ 
pares  the  level  of  reflected  energy  from  the  chamber  with  that  of  a  sphere 
of  known  cross  section  at  known  distance.  This  particular  technique  is 
characterized  by  the  way  in  which  crosstalk  between  transmitter  and  re¬ 
ceiver  is  handled.  Here  crosstalk  is  set  to  be  either  in  phase  or  out  of 
phase  with  chamber  reflected  energy  by  small  physical  movement  of  the  an¬ 
tennas  to  a  location  which  provides  the  desired  phase  of  relationship  between 
the  two  components.  The  vector  sum  lor  difference)  of  these  two  voltages 
is  then  cancelled  down  into  receiver  noise.  Further  antenna  movement  is  then 
used  to  introduce  an  additional  180*  phase  shift  in  the  return  from  the  cham¬ 
ber.  Under  this  condition,  it  maybe  shown  that  the  remaining  voltage  is 
equal  to  twice  the  voltage  from  the  chamber  and  thus  provides  a  measure 
of  the  inherent  chamber  reflection  level. 


While  this  method  provides  accurate  measurements  of  reflection 
levels  which  are  well  above  noise,  it  alto  provides  values  which  become 
increasingly  inaccurate  as  the  chambei  level  under  measurement  approaches 
the  noise  level.  This  is  because  one  of  the  steps  of  this  procedure  requires 
cancellation.  In  (ractice,  with  this  method,  one  is  able  to  insure  cancella¬ 
tion  only  to  the  point  where  the  signal  goes  into  noise.  An  "uncertainty  vec¬ 
tor"  voltage  which  may  be  almost  as  large  as  the  difference  between  0  and 
noise  level  Is  therefore  left  in  the  problem.  This  error  voltage  combines 
vectorially  with  the  chamber  reflected  voltage  to  limit  measurement  accuracy. 


Since  modern  design  techniques  are  able  to  provide  chambers  in 
which  the  level  of  reflected  energy  is  below  noise,  it  is  apparent  that  the 
above  measurement  technique  is  inapplicable  since  it  may  possess  an  in¬ 
herent  error  voltage  which  may  be  larger  than  the  chamber  reflected  vol¬ 
tage,  rather  than  some  Z0  db  below  it  as  is  desirable  for  accurate  measure¬ 
ment.  In  view  of  the  above,  this  company  has  developed  a  measurement 
technique  which  extends  the  opportunity  to  make  quantitative  radar  cross 
section  measurements  of  a  given  accuracy  downward  by  a  few  orders  of  mag¬ 
nitude.  As  a  result,  this  new  method  is  well  adapted  for  use  with  modern 
chambers.  This  method  which  we  refer  to  as  the  "B.  F.  Goodrich  technique" 
is  described  in  principle  below: 

Rather  than  use  this  as  an  opportunity  to  discuss  the  method  in  all 
detail,  consideration  will  be  limited  to  the  two  main  concepts  which  primari¬ 
ly  determine  the  improvement  in  measurement  sensitivity.  These  are: 
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1.  )  the  means  used  by  this  method  to  measure  the  magnitude  of  a  signal 
which  maybe  some  orders  of  magnitude  below  noise,  and  2.)  the  means 
used  by  this  method  to  greatly  reduce  the  size  of  the  previously  referenced 
"uncertainty  vector"  which  provides  the  main  limitation  to  accuracy. 

a.  Quantitative  Measurement  of  a  Signal  Below  Noise.  Those  of 
us  who  cut  our  engineering  teeth  on  routine  slotted  line  measurements  may 
not  have  realized  that  many  of  the  values  being  measured  were  of  levels  ap¬ 
preciably  below  noise.  Consider  the  case  where  a  VSWR  of  1.  04  is  meas¬ 
ured  on  an  antenna  or  load  where  the  level  of  incident  energy  on  the  line  is 
15  db  above  detector  noise.  It  may  be  shown  that  a  VSWR  of  this  magni¬ 
tude  is  caused  by  reflected  signal  at  a  level  of  35  db  below  incident  as  the 
two  go  in  and  out  of  phase.  For  the  chosen  example,  the  level  of  reflected 
energy  is  actually  about  20  db  below  the  detector  noise  level. 

What  is  being  taught  above  is  that  quantitative  measurements  can 
be  made  of  reflection  levels  that  are  well  below  noise  by  adding  this  ene  rgy 
vectorially  with  changing  phase  to  an  incident  signal  which  is  above  noise. 

■liis  may  be  viewed  as  the  modulation  of  a  carrier  where  the  depth  of  modula¬ 
tion  is  proportional  to  the  level  of  the  modulating  signal. 

This  concept  is  used  by  the  B.  F.  Goodrich  technique  to  measure 
the  level  of  reflected  energy  below  noise  level.  It  is  employed  in  practice 
by  swinging  a  sphere  of  known  cross  section  on  a  monofilament  line  and  re¬ 
cording  the  periodic  amplitude  variations  which  are  caused  by  the  sphere 
passing  in  and  out  of  phase  with  chamber  reflected  energy  as  is  shown  in 
Figure  1. 


A  note  of  caution  should  be  here  introduced.  A  swinging  sphere 
simultaneously  measures  the  level  of  chamber  reflected  energy  and  the  level 
of  the"uncerlainty  vector" with  some  arbitrary  vector  relationship  between 
them.  One  is  justified  in  accepting  the  value  which  issues  from  a  swinging 
sphere  as  the  level  of  reflected  energy  only  after  it  has  been  established 
that  the  "uncertainty  vector"  is  at  an  appreciably  lower  level. 

b.  Reduction  of  the  "Uncertainty  Vector".  Our  technique 
achieves  a  condition  where  the  error  voltage  which  exists  as  a  result  of 
incomplete  cancellation  is  known  to  be  a  number  of  orders  of  magnitude 
below  noise  rather  than  near  noise  as  with  the  previously  considered  method. 
Rather  than  cancel  the  vector  sum  (or  difference)  of  cross  talk  and  chamber 
down  to  noise,  our  technique  uses  the  somewhat  simpler  and  more  straight¬ 
forward  arrangement  of  cancelling  only  crosstalk.  It  will  be  appreciated 
that  if  crosstalk  can  be  well  cancelled,  energy  from  the  chamber  will  pre¬ 
dominate  above  it  with  minimum  error.  Cancelling  only  crosstalk  opens 
up  opportunities  for  using  procedures  which  allow  cancelling  to  much  lower 
levels.  The  following  procedure  was  developed  for  this  purpose  and  forms 
a  feature  of  the  B.  F.  Goodrich  technique; 
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Consider  a  case  where  the  antennas  and  the  cancellation  network 
(phase  shifter  and  attenuator)  are  mounted  on  a  rolling  platform  which  al¬ 
lows  linear  movement  over  a  few  wavelengths  in  a  direction  parallel  to  the 
direction  of  propagation.  When  a  fixed  target  is  located  at  the  test  site, 
movement  of  the  antennas  will  produce  a  periodic  amplitude  variation  in  the 
level  of  detected  energy  as  a  result  of  target  energy  of  variable  phase  passing 
in  and  out  of  phase  with  crosstalk  of  fixed  phase.  If  the  phase  shifter  and  at¬ 
tenuator  are  tuned  to  minimize  this  periodic  variation  (analogous  to  matching 
an  antenna  with  stubs  to  achieve  a'flat  line"),  a  condition  is  achieved  where 
the  crosstalk  is  well  cancelled  and  the  remaining  signal  is  that  from  the  tar¬ 
get.  In  practice  this  periodic  variation  is  read  on  the  expanded  scale  of  a 
bolometer  amplifier  at  the  output  of  the  receiver.  Tuning  of  the  cancellation 
network  generally  is  able  to  provide  a  condition  where  periodicity  is  no  long¬ 
er  discernible  and  is  known  to  be  lees  than  0,  05  db.  This  would  represent  a 
condition  where  the  level  of  crosstalk  would  be  known  to  be  at  least  50  db  be¬ 
low  the  target  level.  If  the  target  were  10  db  above  noise,  it  would  thus  be 
known  that  the  crosstalk  was  cancelled  to  a  level  at  least  40  db  below  noise. 
This  would  represent  an  improvement  of  perhaps  40  db  in  the  level  of  the 
"uncertainty  vector"  over  the  other  measurement  method. 

The  combination  of  this  cancellation  procedure  and  this  means  of 
determining  chamber  level  below  noise  allow  measurement  of  the  inherent 
cross  section  of  a  chamber  to  be  made  to  something  like  a  40  db  lower  level 
with  the  B.  F.  Goodrich  technique  in  contrast  to  the  previously  referenced 
technique. 

Reflection  Coefficient  During  the  course  of  evaluation  of  these  cham¬ 
bers.  measurements  were  made  of  the  chamber  reflection  coefficient  by 
twe  different  methods.  In  one  case  this  quantity  was  obtained  by  taking  the 
ratio  of  the  measured  inherent  cross  section  of  a  chamber  to  the  cross  sec¬ 
tion  calculated  for  a  flat  conductive  surface  located  in  the  plane  of  the  back 
wall.  The  reflection  coefficient  values  shown  in  Table  I  which  were  deter¬ 
mined  in  this  manner  are  identified  as  "determined  from  C". 

In  the  other  case,  reflection  coefficient  values  were  obtained  by 
the  so-called  "free  space  VSWR"  technique  which  was  developed  by  the  B.F. 
Goodrich  Co.  and  has  seen  wide  use  in  the  measurement  of  reflection  prop¬ 
erties  of  chambers  designed  for  pattern  work.  These  values  are  identified 
as  such  in  the  table.  The  manner  in  which  the  reflection  coefficient  of  cham¬ 
bers  is  measured  by  this  technique  is  discussed  below: 

It  will  be  recalled  that  to  describe  a  backscatter  chamber  in  terms 
of  reflection  coefficient  is  really  to  describe  it  in  terms  of  the  reflection  co¬ 
efficient  of  the  back  wall  covering  material.  Thus  the  reflection  coefficient 
value  for  a  chamber  is  obtained  by  measurement  of  the  reflection  coefficient 
of  the  back  wall  material  in  place.  The  technique  here  employed  is,  in  prin¬ 
ciple,  the  same  as  that  used  in  the  well  known  "arch  method"  developed  by 
the  Naval  Research  Laboratory  for  measurement  of  the  reflecting  properties  of 
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individual  absorber  pieces.^-  This  method  obtains  the  ratio  of  reflected  to 
incident  energy  by  comparing  the  energy  level  over  a  path  involving  reflec¬ 
tion  from  the  absorbing  material  to  the  energy  level  over  a  path  of  the  same 
length  without  the  material.  The  ratio  of  the  two  levels  is  the  reflection  co¬ 
efficient. 


This  basic  technique  is  easily  applied  to  a  chamber  by  comparing 
the  energy  level  over  a  path  involving  reflection  from  the  back  wall  of  the 
chamber  to  the  energy  level  over  a  path  of  the  same  length  without  the  ma¬ 
terial.  In  practice  this  is  accomplished  in  the  following  manner:  The 
chamber  is  illuminated  at  the  appropriate  end  with  a  directional  antenna. 
Another  directional  antenna  is  used  as  a  receiver  in  the  vicinity  of  the  test 
site  near  the  other  end  of  the  chamber.  The  level  of  incident  or  direct 
energy  is  obtained  by  orienting  the  receiving  antenna  toward  the  source. 
The  level  of  energy  reflected  from  the  wall  iB  obtained  after  rotating  the 
receiving  antenna  toward  the  back  wall  of  the  chamber.  When  oriented  in 
this  direction,  the  antenna  will  receive  energy  not  only  over  the  desired 
wall  reflected  path  but  also,  at  the  same  time,  over  the  direct  path  via 
a  back  lobe  of  the  antenna.  It  becomes  necessary  to  separate  these  two 
signals,  measure  the  level  of  each,  and  identify  which  is  the  one  repre¬ 
senting  reflection  from  the  wall.  The  "free  space  VSWR"  technique  has 
been  developed  for  handling  this  type  of  problem  in  the  evaluation  of  pat¬ 
tern  chambers.  It  accomplishes  these  endB  by  measuring  the  "free  space 
VSWR"  encountered  in  a  chamber  as  a  probe  antenna  is  physically  moved 
to  make  the  two  signals  pass  in  and  out  of  phase.  From  the  magnitude  of 
this  VSWR  the  difference  in  level  between  the  two  signals  is  determined. 
This  technique  will  be  recognized  as  being  the  free  space  analogy  to  the 
measurement  of  the  reflection  coefficient  of  a  dummy  load  in  a  waveguide 
system.  This  technique  is  applied  to  the  problem  at  hand  by  moving  the 
directional  antenna  parallel  to  the  direction  of  propagation  (perpendicular 
to  the  wall  surface)  to  allow  the  wall  reflected  component  to  pass  in  and 
out  of  phase  with  the  direct  energy  coming  in  off  the  back  of  the  antenna. 
Ambiguity  as  to  whether  the  wall  reflected  energy  is  represented  by  the 
value  of  the  stronger  or  weaker  signal  can  be  resolved  in  a  number  of 
ways,  the  most  common  of  which  is  by  comparing  these  levels  with  the 
known  back  lobe  level  of  the  antenna.  Since  the  path  involving  the  wall 
is  slightly  longer  than  the  direct  path,  a  small  correction  for  the  differ¬ 
ence  in  distance  is  applied  prior  to  quoting  the  ratio  of  the  wall  reflected 
energy  level  to  the  direct  energy  level  as  the  chamber  (i.  e.  wall)  reflec¬ 
tion  coefficient. 

IMPROVING  CHAMBER  ACCURACY 

In  using  backscatter  chambers  such  as  these,  one  has  at  his  disposal 
two  important  factors  upon  which  measurement  accuracy  is  dependent. 
These  are:  1.)  chamber  illumination  and  2.)  distance  to  the  target. 
Familiarity  with  these  factors  will  allow  them  to  be  used  to  advantage 
rather  than  contributing  to  unnecessary  error. 
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Illumination  Directivity 
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Good  backscatter  chambers  at  the  present  state-of-the-art  may  ex¬ 
hibit  much  higher  levels  of  reflected  energy  from  side  walls,  floor  and 
ceiling  than  from  the  back  wall.  This  point  was  graphically  brought  out  in 
the  additional  measurement  of  one  of  these  three  chambers  with  antennas 
of  very  low  directivity.  The  inherent  cross  section  under  this  condition 
was  actually  52  db  poorer  than  when  measured  with  antennas  which  re¬ 
stricted  illumination  to  the  back  wall.  This  very  large  difference  is  at¬ 
tributable  to:  1.  )  the  lo 8 s  of  effectiveness  of  the  back  wall  tilt  feature 
since  here  only  a  small  percentage  of  the  total  energy  was  on  the  back 
wall  and  2.  }  the  fact  that  the  majority  of  radiated  energy  here  fell  on 
absorbing  material  at  wide  angles  of  incidence  where  the  effectiveness  of 
conventional  materials  is  well  reduced.  Measurements  of  inherent  cross 
section  vs.  azimuth  which  were  made  with  hi  gh  dir  ectivity  antennas  in 
two  of  these  chambers  provided  additional  confirmation  that  side  wall  re¬ 
gions  reflect  much  more  energy  than  the  back  wall  region. 

It  is  thus  apparent  that  measurements  of  highest  accuracy  are  to 
be  achieved  when  sufficient  antenna  directivity  is  employed  to  limit  il¬ 
lumination  to  the  back  wall  and  discriminate  against  the  poorer  regions. 
This  factor  should  be  given  attention  in  the  establishment  of  height  and 
widh dimensions  for  anticipated  facilities. 

Target  Distance 

It  is  our  belief  that  all  backscatter  chambers  should  have  a  conven¬ 
ient  arrangement  for  locating  the  target  under  test  at  the  minimum  dis¬ 
tance  allowed  by  far  field.  This  is  to  take  advantage  of  the  opportunity 
offered  by  the  sharp  inverse  fourth  power  function  of  received  power  with 
distance  to  improve  the  ratio  of  target  level  to  chamber  level.  Appreciate 
that  this  advantage  is  available  only  when  distance  is  reduced  by  moving 
the  target  toward  the  source  and  not  if  the  source  is  moved  toward  the  tar¬ 
get  as  a  result  of  back  wall  distance. 

FUTURE  STATE-OF-THE-ART 

Those  involved  in  radar  cross  section  measurements  can  expect  that 
current  development  in  the  absorber  field  will  provide  materials,  designs, 
and  facilities  which  are  conducive  to  more  demanding  future  work.  Br 
example,  the  following  two  ideas  seem  sufficiently  close  to  commercial 
realization  and  sufficiently  significant  to  backscatter  efforts  as  to  justify 
mentioning  at  this  time: 

1.  A  Wide  Angle  Material.  The  first  successful  development  of  a 
material  designed  specifically  to  provide  high  performance  at  wide  angles 
of  incidence  has  been  completed,  it  is  now  apparent  that  this  material  will 
offer  a  radar  cross  section  at  wide  angles  of  incidence  which  is  some  two 
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orders  of  magnitude  below  that  from  conventional  materials  designed  for  4 

normal  incidence  application.  The  material  will  be  in  the  form  of  a  VHP  : 

type  which  will  have  the  pyramids  inclined  to  be  approximately  parallel  to  i. 

the  direction  of  propagation.  Future  chambers  will  offer  lower  cross  sec-  7 

tions  (especially  where  wider  illumination  has  to  be  used)  as  a  result  of 
this  development. 

2.  A  Weatherproof  Low  Backacatter  Material.  Development  has 
also  been  completed  on  a  means  of  providing  a  weatherproof  coating  for 
very  high  performance  material.  As  a  result,  absorbers  offering  in  ex¬ 
cess  of  30  and  40  db  reflection  coefficient  will,  for  the  first  time,  be¬ 
come  available  for  outdoor  work.  Both  the  regular  and  new  wide  angle 
versions  of  VHP  material  will  be  offered  in  this  flexible  weatherproof 
form.  These  materials  will  make  a  significant  contribution  to  the  im¬ 
provement  of  existing  outdoor  ranges  and  will  help  to  insure  that  future 
outdoor  facilities  will  represent  an  improvement  over  those  of  the  present 
state-of-the-art. 
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ABSTRACT 

A  new  type  of  scattering  range  is  described  in  which  the  radar  reflection 
properties  of  objects  are  measured  by  inserting  the  object  into  a  transmission 
line.  The  theoretical  justification  for  this  technique  is  presented  from  the 
basis  of  the  reciprocity  theorem.  A  theoretical  comparison  is  then  made 
between  a  specific  two  wire  transmission  line  range  and  an  image  plane  range 
to  illustrate  the  increased  signal  and  decreased  spurious  return  provided  by 
the  transmission  line  range.  Its  utility  in  the  following  oreas  is  discussed: 
simplification  of  model  support,  positioning  and  orientation  equipment; 
polarization  and  phase  measurements;  forward  and  bistatic  cross-section 
measurements;  frequency  sweep  measurements;  and  controlled  environment 
measurements.  The  experimental  program  presently  in  progress  to  determine 
the  limitations  of  the  transmission  line  range  is  also  described. 

INTRODUCTION 

When  one  attempts  to  measure  the  scattering  cross-section  of  very 
small  objects  on  a  conventional  scattering  range,  the  return  is  so  small  that 
extremely  sensitive  instruments  and  stable  systems  are  required.  A  great 
deal  of  attenuation  on  scattering  ranges  is  due  to  the  spreading  of  the  waves: 
1/4  If  r^  for  the  incident  wave  times  1/4  IT  r^  for  the  reflected  wave. 

Thus  the  attenuation  in  power  is  proportional  to  1/r^  where  r  is  the  distance 
to  the  scatterer.  The  following  is  a  method  of  eliminating  the  1/r^  attenu¬ 
ation  and  yet  keeping  the  received  voltage  proportional  to  the  square  root  of 
the  free  spcce  scattering  cross-section.  The  method  consists  of  placing  the 
scatterer  into  a  uniform  transmission  line.  An  example  of  such  a  range  is 
shown  in  Figure  1.  In  this  example,  the  signal  in  the  receiver  arm  of  the 
directional  coupler  is  nulled  in  the  absence  of  the  scatterer  by  means  of  the 
tuner.  The  scatterer  is  ther.  inserted  into  the  transmission  line,  and  it 
introduces  a  new  reflection  which  is  measured  by  the  receiver.  As  shown 
in  the  next  section,  this  signal,  V,  is  proportional  to  the  square  root  of  the 
free  space  back-scattering  cross-section  of  the  scatterer. 
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PRINCIPLE  OF  THE  METHOD 


The  justification  for  this  technique  is  based  upon  the  reciprocity  theorem^, 
which  states  that  the  above-mentioned  signal,  V,  is  determined  by  an  equation 
of  the  form 

V  =  C  ((  E  •  J  dS 

/Jscatterer  ~  ~ 

where  C  is  a  constant,  J_ls  the  field  when  the  scatterer  is  absent,  is  the  current 
distribution  on  the  scatterer.  From  equation  (1)  it  is  seen  that,  if  one  can  produce 
the  same  field  in  the  absence  of  the  scatterer  as  a  free  space  plane  wave,  and  if 
one  can  cause  the  current  distribution  on  the  scatterer  to  be  the  same  as  if  it  were 
immersed  in  a  free  space  plane  wave,  then  the  received  voltage  would  be  the 
same  as  that  for  a  free  space  scattering  range.  These  conditions  can  be  satisfied 
with  a  uniform  transmission  line.  On  a  uniform  transmission  line  the  wave 
travels  at  the  velocity  of  light  and  the  wave  impedance  is  that  of  free  space^. 
Furthermore,  if  the  scatterer  is  small  compared  to  the  dimensions  of  the  transmission 
line,  the  transmission  line  field  will  be  essentially  uniform  over  the  volume  into 
which  the  scatterer  is  to  be  inserted.  Thus  if  the  transmission  line  is  terminated 
in  a  matched  load  it  will  provide  the  same  field  in  the  absence  of  the  scatterer 
as  a  free  space  plane  wave.  Some  currents  will  be  induced  on  the  scatterer  due 
to  the  field  reflected  by  the  transmission  line  or  surrounding  objects.  If  these 
currents  are  negligible  compared  to  the  currents  induced  by  the  incident  field, 
the  current  distribution  on  the  scatterer  will  be  the  same  as  if  it  were  immersed 
in  a  free  space  plane  wave.  The  interaction  of  the  scatterer  with  the  trans¬ 
mission  line  and  other  surrounding  objects  is  not  too  difficult  to  minimize. 

For  instance  Justice  and  Rumsey2  point  out  that  the  currents  on  a  scatterer, 
one  half  wavelength  long,  are  changed  by  only  one  percent  when  a  ground 
plane  is  brought  to  within  a  quarter  wavelength.  Also,  they  measured  the 
cosine  distribution  of  the  TE()1  fi®ld  in  a  rectangular  waveguide  by  means  of 
a  scatterer,  obtaining  nearly  perfect  agreement  to  within  1/20  of  a  wavelength 
from  the  wall,  confirming  their  prediction  that  "conducting  surfaces  in  the 
vicinity  of  the  scatterer  do  not  appreciably  alter  the  square  law  dependence  of 
acho  voltage  on  incident  electric  field.  Also  they  point  out  that,  if  the  surface 
of  the  reflector  with  which  the  scatterer  interacts  is  convex,  the  inter-action 
will  be  significantly  less. 

TYPICAL  SENSITIVITY 

As  an  example  of  the  sensitivity  of  the  transmission  line  range  the  following 
comparison  is  made  between  a  two  wire  line  scattering  range  shown  in  Figure  1, 
and  an  image  plane  scattering  range.  If  one  desires  to  measure  the  radar  cross 
section  of  an  object  small  compared  to  wavelength,  then  the  distance,  s,  between 
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the  two  wires  need  only  be  a  half  wavelength  to  make  the  mutual  interaction  & 

between  the  wires  and  the  scatterer  negligible  and  to  make  the  field  uniform  | 

over  the  volume  of  the  scatterer.  With  a  half  wavelength  spacing  between  *| 

the  wires,  one  must  be  careful  to  provide  a  balanced  and  well  tapered  input  | 

to  the  line  in  order  to  prevent  radiation  and  excitation  of  undesired  modes  \ 

(a  typical  surface  wave  excitation  problem).  A  cross-sectional  view  of  the  1 

two  wire  transmission  line  is  shown  in  Figure  2.  Assume  that  the  signal  j 

generator  output  is  one  watt  and  there  are  no  mismatches  in  the  circuit  of  !§ 

Figure  1.  Then  the  voltage  on  the  transmission  line  is  | 

;* 

i 

j 

V  • 

t 

V  -  \/Zox  Power  =  t/ZcT  (2)  | 

where  Zo,  the  characteristic  impedance  of  the  transmission  line,  is  given  by  ^ 

;  ' 

Zo  =  120  cosh"1  (i.)  (3)  1 

s  ■ 

&;■ 

For  this  example,  the  wires  were  chosen  to  be  ^10  AWG  copper.  Thus  ? 

S  =  /V 2  *  1.5  cm  =  0.59  inch;  2b  =  0.1  inch  (4) 

J 

It  is  possible  to  express  the  electric  field  on  a  two  wire  transmission  line  in 
the  form^ 

E  =  c^hi  y  {5) 

2°*o  / 

where  £  and  -O-  are  the  bipolar  coordinates,  E  is  the  electric  field  which 
is  in  the  -9-  direction,  a  is  the  proper  interfocal  distance  and  £  is 
determined  from  the  following  two  relations 

*■  * 

S  =  2  a  coth  £  and  b  =  —  csch  £  (6)  > 

°  2  ° 

By  the  use  of  equations  (2)  -  (6)  it  is  seen  that  the  incident  electric  field 
at  the  center  between  the  two  wires  in  15.6  volts/cm;  so  that  the  power 
incident  on  the  scatterer  is  given  by 
e2 

P:_ r  -  =  6.48  x  10  watts/m^  (X) 

mc  1207T  '  ' 

i- 

s- 

For  comparison,  the  University  of  California  image  plane  scattering  range  is 
examined.  At  9300  mc  (  A.=  3.23  cm)  the  minimum  far  field  distance,  rmin, 
is  given  as  25  inches  (63.5  cm)^.  Thus,  the  size  of  the  illuminating  horns  i 

aperture,  d,  is  [ 
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Sectional  View  of  Two  Wire  Transmission  Line 


d  = 


=  =  10.15  cm. 


Whereas  the  gain  ,  2,  of  the  horn  is^  (at  A  =  3  cm) 
g  =  4  IT /if  =143. 


(8) 


(9) 


However,  the  attenuation  due  to  spreading  of  the  waves  at  rm;n  is  l/(4Hrmjn  ), 

At  A  =  3  cm>  Tmin  ’* 


2d* 


mm 


=  68,7  cm. 


(1C) 


Hence  the  incident  power  level  for  a  generator  on  the  University  of  California 
scattering  range  is' 


me 


4T1-  r  .2 
min 


- 143  ...  =  24.2  WQ”s/m2.  (11) 

4tr(.687)z 


Therefore,  the  voltage  ratio  of  the  scattered  signal  received  by  the  two-wire 
line  scattering  range  to  the  signal  received  by  the  free  space  range  is  determined 
by  means  of  (1),  (7),  and  (1 1)  as 


V2W 

6.48  x  103 

-  =  267 

vfs 

24.2 

^signal 

=  20  Logl0  = 

power 

VFS 

(12) 


(13) 


Equation  (13)  shows  the  considerable  advantage  of  the  two-wire  scattering  over 
the  free  space  scattering  range  for  small  objects.  Other  configurations  for  the 
two-wire  line  can  be  applied  if  larger  objects  are  to  be  measured,  e.g..  Bus 

Bars,  etc .  These  configurations  can  give  a  more  uniform  field  over  a  larger 

volume  and  less  expansion  of  the  power  outside  the  scattering  region  if  care  is 
used  not  to  excite  higher  order  modes  or  to  radiate. 
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EXPERIMENTAL  RESULTS 


In  order  to  test  the  accuracy  of  the  transmission  line  scattering  range  a 
system  was  constructed  as  shown  in  Figure  1  with  S  =  1.7  cm  =  h/2  at 
8.75  gigacycles.  Since  metal  spheres  much  smaller  than  one  wavelength  in 
radius  have  a  theorerical  cross  section  which  is  well  known,  it  was  decided 
to  test  the  accuracy  of  the  range  by  using  3  balls,  1/8" ,  3/16",  and  1/4" 
in  diameter,  respectively.  Also,  since  the  transmission  line  scattering  range 
should  give  the  seme  result  for  radar  cross  section  independent  of  how  far 
along  the  line  the  scatterer  is  placed,  each  ball  was  measured  at  three  posi¬ 
tions  along  the  line.  As  seen  in  Figure  3,  there  was  close  agreement  between 
the  cross  sections  measured  at  the  three  positions. 

The  measurements  were  normalized  by  equating  the  average  cross  section 
of  the  1/8"  diameter  ball,  as  measured  at  the  three  positions,  to  the  theoretical 
cross  section  for  a  1/8"  diameter  metal  spher  It  is  shown  in  Figure  3  that 
the  rest  of  the  measurements  agree  with  the  theoretical  values.  The  theoretical 
back-scattering  cross  section  of  a  metal  sphere  of  radius,  a,  small  compared 
to  wavelength,  is® 

<Tb  =  13,950  (^)4(tt  a2).  (14) 

For  example  the  back-scattering  cross  section  for  a  1/4"  diameter  metal  sphere 
at  8.75  gigacycles  is  0.317  square  centimeters. 

POTENTIAL  ADVANTAGES  AND  APPLICATIONS 

An  experimental  program  has  been  initiated  in  order  to  determine  the 
possibilities  and  limitations  of  the  transmission  line  scattering  range  in  the 
following  areas. 

Signal  to  Noise  Ratio 

Since  the  signal  power  is  not  reduced  by  1/r^  as  in  a  free  space  scattering 
range,  the  signal  power  is  potentially  higher  in  a  transmission  line  scattering  range. 

In  conventional  ranges  power  is  spread  out  and  reflected  from  many  obstacles  besides 
the  target.  These  spurious  reflections  are  tuned  out  before  the  target  is  inserted; 
however,  slight  movements  of  the  spurious  reflectors  introduce  noise  which  is 
difficult  to  eliminate,  especially  since  the  spurious  reflections  are  usually  much 
larger  than  the  target  reflections.  In  the  transmission  line  scattering  range,  however, 
the  field  is  concentrated  on  the  target,  and  what  gets  by  the  target  is  absorbed  by 
a  standard  transmission  line  matched  load.  Thus,  the  transmission  line  scattering 
range  potentially  gives  a  higher  signal  and  a  lower  noise  than  conventional  scattering 
ranges. 
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Figure  3 

Plot  of  Bock  Scattering  Cro»*  Section  of  Small  Metal  Spheres 


Construction 


Due  to  its  inherent  high  sensitivity  and  minimum  spurious  reflections, 
the  transmission  line  scattering  range  should  have  less  stringent  demands  of 
stability  and  close  construction  tolerances  and  so  make  it  easier  to  build  than 
conventional  ranges*  Also,  conventional  ranges  must  operate  in  the  far  field  of 
both  the  illuminating  antenna  and  the  target  (unless  the  target  is  short  enough 
to  remain  in  one  fresnel  zone  of  the  near  field).  This  means  that  the  target  must 
be  2d^/A  from  the  illuminating  antenna';  where  d  equals  the  largest  dimension 
of  the  antenna  aperture  and  A  is  the  free  space  wavelength.  There  is  no  such 
distance  requirement  for  the  transmission  line  scattering  range,  which  may  allow 
it  to  be  constructed  smaller  than  conventional  ranges. 


Support  of  Models 

Since  the  field  is  concentrated  or.  the  target,  supporting  devices 
(rotating  motors,  etc.)  may  be  brought  in  closer  to  the  target  without  disturb¬ 
ing  the  field.  This  may  reduce  the  problem  of  positioning  and  rotating  the 
target  without  introducing  inaccuracies  into  the  measurements. 


Frequency  Scanning 

Since  the  spurious  reflections  are  minimized,  it  may  be  possible  to 
change  the  frequency  of  the  illumination  over  a  complete  band  without  retuning 
the  system.  Thus,  it  may  be  possible  to  measure  the  reflection  properties  of  a 
target  when  subjected  to  frequency  scanning. 

Phase  Measurements 


Since  there  is  no  far  field  distance  requirement  in  the  transmission  line 
scattering  range,  the  distance  from  the  target  to  a  phase  measuring  bridge  can 
be  only  a  few  wavelengths.  This  may  enable  one  to  measure  the  phase  of  the 
target  reflections  easily  without  requiring  an  extremely  stable  frequency  signal 
generator. 

Polarization  Measurements 

By  placing  two  transmission  lines  with  the  same  axis  but  rotated  90° 
with  respect  to  each  other.  It  is  possible  to  impress  any  polarization  on  the  target 
by  controlling  the  relative  phase  and  amplitudes  of  the  incident  waves  on  the  two 
trar.  mission  lines.  Also  the  reflected  signals  received  on  each  of  the  lines  allows 
the  complete  scattering  motrix  for  the  target  to  be  determined. 
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Forward  and  Bistatic  Cross  Section  Measurements 

It  is  possible  to  measure  the  forward  cross  section  of  a  target  on  a 
transmission  line  scattering  range  by  constructing  the  output  of  the  transmission 
line  the  same  as  its  input  and  balancing  this  output  with  a  constant  signal  so 
that  c  null  in  the  output  receiver  is  obtained  when  the  scatterer  is  absent. 
When  a  scatterer  is  inserted,  this  receiver  voltage  will  indicate  the  forward 
cross  section. 

In  conventional  ranges  it  is  difficult  to  make  bistatic  measurements 
because  the  coupling  from  the  transmitter  to  the  receiver  varies  with  bistatic 
angle  even  with  the  target  absent.  This  variation  is  difficult  to  separate  from 
the  variation  of  target  cross  section  with  bistatic  angle.  Since  the  field  is 
concentrated  on  the  target  in  the  transmission  line  scattering  range,  by  making 
the  receiving  transmission  line  wide  spaced  compared  to  the  illuminating 
transmission  line,  it  may  be  possible  to  have  negligible  coupling  between  the 
two  lines  with  the  target  absent.  If  this  coupling  is  negligible,  then,  when 
the  target  is  inserted,  the  receiving  transmission  line  will  pick  up  a  signal 
due  only  to  the  differential  cross  section  of  the  target  in  the  direction  of 
the  axis  of  the  receiving  transmission  line.  The  receiving  transmission  lino 
may  then  be  rotated  around  the  target  and  its  variation  in  signal  will  be  due 
and  proportional  to  the  variation  in  target  cross  section  with  bistatic  angle. 

Environmental  Control 

Since  the  field  is  concentrated  on  the  target,  the  transmission  line 
range  is  small  and  relatively  insensitive  to  its  surroundings.  This  may  allow 
it  to  be  placed  into  a  vacuum  chamber,  for  instance,  where  controlled 
cross-section  measurements  could  be  made  on  wake  phenomena,  etc. 

CONCLUSIONS 

The  transmission  line  scattering  rang*-  displays  a  high  degree  of  accuracy 
and  sensitivity.  This  accuracy  is  mainly  due  to  the  fact  that  the  transmission 
line  scattering  range  does  not  allow  the  1/r^  power  spreading  inherent  in 
free  space  scattering  ranges.  It  is  felt  that  the  transmission  line  scattering 
range  will  work  effectively  for  any  size  object  for  the  same  reason.  Also  its 
potential  versatility  calls  for  a  thorough  Investigation  of  its  capabilities. 
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ABSTRACT 

The  use  of  scaled  model  targets  and  improved  absorber  wall 
coverings  have  made  CW  measuring  systems  housed  in  anechoic 
chambers  a  practical  and  attractive  radar  cross-section  tool.  How¬ 
ever,  as  targets  having  lower  and  lower  cross-sections  become  of 
interest,  demands  are  placed  on  the  anechoic  chamber  which  rarely 
required  consideration  before.  One  of  these  is  target-wall  inter¬ 
action,  by  which  we  mean  the  perturbation  in  the  background  level 
(due  to  wall  illumination)  upon  introduction  and  rotation  of  the  target 
in  the  field.  Such  a  non -stationary  background  clearly  is  deleterious 
to  the  nulling  of  CW  systems  and  may  even  dictate  minimum  measur¬ 
able  cross-section  criteria.  An  analysis  of  target-wall  interaction 
is  proposed  which  distinguishes  between  two  types  of  interaction,  that 
of  the  target  upon  the  wall,  and  that  of  the  wall  upon  the  target.  From 
the  resulting  expressions,  recommendations  can  be  made  concerning 
the  scattering  characteristics  of  the  target  and  its  location.  Some 
experimental  verification  of  these  results  is  given. 
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AN  EFFECT  OF  WALL  ILLUMINATION  UPON 
MICROWAVE  ANECHOIC  CHAMBER  PERFORMANCE* 

R.  J.  Garbacz  and  J.  L.  George 
Antenna  Laboratory 
Department  of  Electrical  Engineering 
The  Ohio  State  University 
Columbus,  Ohio  43210 


INTRODUCTION 

The  most  common  indoor  cross-section  ranges  are  of  the  CW 
type  in  which  introduction  of  a  target  into  an  electromagnetic  field 
disturbs  the  balance  of  a  microwave  bridge  circuit.  If  this  imbalance 
is  due  solely  to  the  presence  of  the  target  the  resultant  voltage  can 
easily  be  related  to  its  scattering  cross-section.  If,  however,  intro¬ 
duction  of  the  target  into  the  field  simultaneously  disturbs  the  back¬ 
ground  signal  (i.  e. ,  scatter  from  chamber  walls,  supports,  etc.) 
which  had  previously  been  balanced  out,  there  is  no  assurance  that 
the  unbalanced  voltage  is  due  to  the  target  alone.  This  background 
disturbance,  sometimes  called  "wall  shadowing"  or  "target-wall 
interaction, "  is  analyzed  below  under  simplifying  assumptions  and 
resultant  conclusions  are  verified  experimentally. 

THEORETICAL  ANALYSIS 

Two  effects  which  are  discernible  in  the  target-wall  interaction 
phenomenon  are  sketched  in  Fig.  1.  The  one  effect  (Fig.  la)  is  that 
of  the  energy  scattered  from  the  wall  to  the  target,  which  in  turn 
scatters  into  the  receiver  antenna.  The  other  effect  (Fig.  lb)  is  that 
of  the  energy  scattered  in  the  forward  direction  by  the  target  illumi¬ 
nating  the  back  wall,  which  re-radiates  into  the  receiver. 

Initially,  let  us  assume  a  monostatic  configuration  (p  =  0°)  as 
shown  in  Fig.  2.  The  power  received  through  the  wall-to-target 
interaction  of  Fig.  la  and  the  power  transmitted  are  related  by 
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Foundation. 
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where  pi  is  the  power  received,  is  the  total  power  transmitted, 

R2  (4>)  is  the  power  reflection  coefficient  of  the  absorber  wall  in  a 
direction  $  from  normal,  o-'p(ir)  is  the  forward  scattering  cross- 
section  of  the.  target  (viewing  the  target  from  the  absorber  wall*), 
and  Aj^  is  the  aperture  of  the  receiving  antenna.  The  three  bracketed 
quantities  in  Eq.  (1)  can  be  identified  as  the  total  power  reflected  by 
the  wall,  the  fraction  of  this  power  that  is  collected  and  reradiated 
forward  by  the  scatterer,  and  the  fraction  of  this  that  is  collected 
in  the  receiving  aperture.  On  the  other  hand,  the  power  which  is 
backscattered  directly  from  the  target  is 
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where  G^.  is  the  power  gain  of  the  transmitting  antenna  and  <r,p( 0)  is 
the  backscattering  cross-section  of  the  target  viewed  from  the  trans¬ 
mitter.  Dividing  Eq.  (2)  by  Eq.  (1), 

°T(°)  /rw\  2 
<rT(w)  \rty 

which  is  the  desired  relationship. 

In  order  to  study  the  target-to-wall  interaction  of  Fig,  lb, 
consider  Fig.  3.  The  receiving  antenna  is  assumed  to  collect 
energy  only  over  the  angle  subtended  by  its  half-power  points; 
hence,  only  that  energy  reradiated  by  the  target  into  the  cone 
subtending  the  angle  2A  ~  2A*  is  seen  by  the  receiver .  Further, 
the  illuminated  region  on  the  wall  is  approximated  by  its  projection 
normal  to  the  beam  axis  forming  a  disk  of  radius  d  coated  with  an 
absorber  with  power  reflection  coefficient  R  (<j>)  rather  than  R  (0) . 
This  disk  subtends  a  solid  angle  at  the  target  of  approximately 


Pt{0)  oT 
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*  By  reciprocity  this  is  the  same  value  as  that  obtained  looking 
at  the  target  from  the  transmitter. 
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irdz  /4ir  r^,  •  Under  these  assumptions,  the  power  received  through 
target-to«wall  interaction  is  given  by 
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where  “T(ir  +  A)  is  a  value  o£  the  target  scattering  cross-section 
averaged  over  the  aforementioned  solid  angle  centered  in  the  forward 
direction  (looking  from  the  transmitter).  The  three  bracketed 
quantities  in  Eq.  (4)  ran  be  identified  as  the  effective  source  induced 
by  the  transmitter  at  the  target  position  (a  radiation  intensity),  the 
8 olid  angle  about  the  forward  direction  subtended  by  the  disk  of 
radius  d,  and  that  part  of  the  energy  within  this  solid  angle  that  is 
reflected  by  the  wall  into  the  receiving  aperture.  The  power  gain 
of  the  receiving  antenna  is  approximately  Gr  —  4ir(rt  +  rw)2  ,'ird2  , 
and  if  Gr  s  G'y  Eq.  (4)  reduces  to 
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which,  divided  into  Eq.  (2.)  yields, 
Pt«>) 


(6) 


Pz  (0) 


gt  /rwV 

R*  (<|>)  ^t(«  +  A)  Vrt/ 


If  the  transmitter-receiver  gain  is  high,  its  beamwidth  is  small, 
and  if  the  target  is  relatively  small,  its  scattering  cross-section 
is  approximately  constant  within  the  solid  angle  over  which  it  is 
averaged,  whence  7  (  ir  A)  —  <r^(ir).  Hence 


(7) 


pt(0)  G«p 

Pz  (0)  R*  (4>)  <rT(w ) 


(?•)’• 


which  is  identical  to  Eq.  (3) .  The  fact  that  wall-to-target  inter¬ 
action  equals  tar  get- to -wall  Interaction  is  a  result  of  reciprocity. 
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The  target-wall  interaction  analysis  may  be  extended  to  the 
bistatic  configuration  sketched  in  Fig.  4.  Figure  5a  represents 
the  wall-to-target  interaction  and  Fig .  5b  represents  target-to- 
wall  interaction.  It  is  clear  from  the  first  of  these  sketches  that 
the  wall-to-target  interaction  analysis  in  the  bistatic  case  exactly 
parallels  that  for  the  monostatic  case,  that  is 
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where  all  symbols  mean  the  same  as  in  Eq.  (1),  and  <r(ir-p)  is  the 
bistatic  scattering  cross-section  of  the  target  viewed  from  the 
wall  and  receiving  at  bistatic  angle  ir»p  measured  counterclock¬ 
wise  from  the  wall.  The  power  received  directly  from  the  target 
is 
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where  <r  (p)  is  the  bistatic  scattering  cross-section  of  the  target 
viewed  f? om  the  transmitter  and  receiving  at  a  bintatic  angle  p° 
measured  clockwise  from  the  transmitter.  Hence 
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Note  that  <rT(p)  and  <r_(ir-p)  are  the  only  quantities  in  Eq.  (10)  which 
vary  with  blstatic  angle  p . 

To  study  the  bistatic  target-to-wall  interaction,  consider 
Fig.  6.  Again,  assume  that  the  receiving  antenna  collects 
energy  only  over  the  angle  formed  by  its  half-power  points;  hence 
only  that  energy  reradiated  by  the  target  into  the  cone  subtending 
the  angle  is  seen  by  the  receiver.  Furthermore,  the 
Illuminated  region  on  the  inclined  wall  is  approximated  by  its 
projection  normal  to  the  receiver  beam  axis  forming  a  disk  of 
radius  d  coated  with  an  absorber  with  power  reflection  coefficient 
R2  (6) .  The  disk  subtends  a  solid  angle  at  the  target  of  approximately 


ird2  / 4ir  r2  .  Similarly  to  Eq.  (4) 
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where  +  A)  is  a  value  of  the  target  scattering  cross-section 

averagea  over  the  aforementioned  solid  angle  centered  about  the 
bistatic  angle  (ir-fi)  measured  counterclockwise  from  the  transmitter, 
Since  GR  —  4ir(rr  +  rwr)z,'ird2  ,  this  becomes 
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If  a  high  gain  receiver  is  used  and  the  target  is  relatively  small,  the 
scattering  cross-section  over  the  solid  angle  2A  is  approximately 
constant  so  ~^.(ir-g  _+  A)  ~  o-j(tr-g)  and  Eq.  (13)  becomes 


Note  that  not  only  <r^,(p)and  cr  j(ir  -g)  but  algo  R2  (9)  are  functions  of 
bistatic  angle  3  in  Eq.  (14). 

Equations  (3),  (7),  (10),  and  (14)  express  the  desired  relation¬ 
ships  between  power  received  from  the  target,  and  power  due  to 
target-wall  interaction  effects  for  monostatic  and  bistatic  configu¬ 
rations  .  To  maximize  these  ratios  notice  that  maximizing  the 
distance  between  the  target  and  wall  and  minimizing  the  distance 
between  the  target  and  receiver  (or  transmitter)  is  advisable. 
Notice  also  that  more  difficulty  can  be  expected  from  target-wall 
interaction  with  targets  which  have  a  high  forward-to-backward 


cross-section  ratio  than  from  those  whose  corresponding  ratio  is 
low.  Evident  too  is  the  fact  that  a  10  db  improvement  in  absorber 
performance  yields  a  10  db  improvement  in  interaction  effects  . 

And  in  the  case  of  the  target-to»wall  interaction  for  the  bistatic 
case  (Eq.  (14))  the  absorber  must  be  good  over  a  suitable  range 
of  angles . 

The  theory  presented  here  is  very  approximate;  it  says  nothing 
about  effects  of  corners  and  sidelobes  and  multiple  reflections,  all 
of  which  enter  in  a  very  complicated  fashion.  However,  from  experi 
ence  in  the  Antenna  Laboratory  darkroom,  it  does  appear  that  the 
region  illuminated  by  the  transmitter  on  the  back  wall  is  the  greatest 
offender;  this  explains  the  fact  that  at  certain  bistatic  angles,  as  the 
illumination  region  on  the  back  wall  common  to  both  transmitter  and 
receiver  decreases,  so  does  the  background.  We  have  found,  in 
general,  that  background  and  interaction  effects  are  less  serious  for 
bistatic  configurations.  One  additional  point  brought  out  by  Eq.  (14) 
is  that  a  good  absorbing  wall  in  the  line-of- sight  of  the  bistatic 
receiver  is  advisable.  The  possibility  also  exists  of  angling  the 
back  wall  slightly  so  that  it  is  more  nearly  normal  to  both  the  trans¬ 
mitter  and  receiver  beam  axes  over  the  most  used  bistatic  angle 
range,  keeping  in  mind  that  popular  absorbers  degenerate  rapidly 
beyond  incidence  angles  of  +  35°  to  the  normal. 

EXPERIMENTAL  RESULTS 

Because  wall-target  interaction  effects  exist  only  upon  intro¬ 
duction  of  a  target  which  itself  generally  contributes  an  echo,  these 
effects  are  elusive  to  evaluation.  From  one  viewpoint,  we  desire 
a  scatterer-probe  which  has  a  backscatter,  say  20  db  down  from 
typical  interaction  return,  so  that  its  introduction  into  the  field 
upsets  the  microwave  bridge  essentially  only  by  interaction  with  the 
room,  not  by  direct  backscatter.  The  resulting  unbalance  is  then 
almost  wholly  due  to  the  interaction  phenomenon.  However, 
measurement  of  such  extremely  low  cross  sections  is  complicated 
by  spurious  noise,  drifting,  etc,  ,  which  obscures  the  effect  under 
study.  An  alternative  method  was  employed  here  using  large 
scatterers  (a  flat  plate  coated  with  20  db  absorber  and  a  thin  rod); 
these  were  placed  into  the  field  of  a  nulled  phase-sensitive  system! 
and  moved  at  a  constant  rate  along  the  line-of-sight,  producing 
outputs  recorded  in  time  which  were  sinusoidal  in  shape.  If  no 
interaction  exists,  the  average  levels  of  these  sinusoids  should 


be  coincident;  if  interaction  does  exist,  the  average  levels  should 
separate,  indicating  a  constant  unbalance  of  the  microwave  bridge 
due  to  wall  shadowing.  2  Figure  7  presents  curves  of  this  sort  for 
two  target-to-wall-spacings.  Since  the  forward  to  backward  cross 
section  ratio  of  the  absorber  coated  plate  is  ^  20  db  while  that  of 
the  rod  is  ~  0  db,  we  expect  a  separation  of  the  average  levels  of 
these  curves  in  both  cases,  but  more  pronounced  in  the  instance  of 
the  small  tar get-to- wall  spacing.  This  is  verified  in  these  curves. 

This  paper  has  merely  introduced  the  subject  of  target-wall 
interactions;  much  more  experimental  investigation  is  required  to 
obtain  a  full  understanding  of  the  phenomenon  and  ways  to  combat 
it.  The  brief  experiments  which  were  performed  for  this  paper  do 
indicate  that  target-wall  interaction  can  be  a  source  of  error  for 
large  targets  of  low  cross-section  and  that  for  small  targets  of 
low  cross-section,  other  system  errors  are  probably  more 
important  and  must  be  accounted  for  before  the  interaction  phenomenon. 
The  experiments  also  verified  that  the  motion  method  of  obtaining 
cross-section  is  an  effective  means  of  avoiding  first  order  inter¬ 
action  errors  since  the  amplitude  of  the  sinusoid,  which  is  propor¬ 
tional  to  scattered  field,  is  relatively  independent  of  the  sinusoid 
average  level.  Second  order  effects  of  wall  reflections,  which 
appear  as  warpings  of  the  field  into  which  the  target  is  immersed, 
do  affect  the  shape  of  the  sinusoid  and  thereby  introduce  error; 
these  effects  were  not  evident  in  the  present  experiments. 
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ABSTRACT 

The  concept  of  a  complete  set  of  radar  target  cross-section  data 
is  useful  to  compare  and  evaluate  different  systems  of  radar  target 
measurements*  It  leads  naturally  to  the  question  of  a  minimum  set  of 
data  and  this  in  turn  leads  to  the  requirement  of  built-in  redundancy 
in  a  complete  system  of  measurements.  This  report  deals  with  the 
techniques  for  a  complete  set  of  data  in  the  form  of  a  minimum  set  of 
compatible  patterns.  Using  this  technique  a  complete  set  can  be 
obtained  for  rotationally  symmetrical  targets.  For  non-symmetrical 
targets  in  general  no  complete  system  can  be  devised.  For  those 
targets  emphasis  should  be  placed  on  selected  characteristic  parameters. 

INTRODUCTION 

The  concept  of  complete  radar  cross-section  data  is  introduced 
here  as  an  important  systems  concept  which  serves  to  bring  together 
several  ideas  concerning  radar  target  signature  analysis.  A  complete 
set  of  data  obtained  from  a  general  radar  target  is  defined  to  be  such 
data  that  at  every  aspect  the  radar  cross-section  of  the  target  is 
known. 

To  show  the  use  of  this  concept  we  consider  a  target  which  de¬ 
polarizes.  For  such  a  target,  patterns  taken  at  different  linear 
polarizations  (for  instance  horizontal  and  vertical)  will  not  be  the 
same.  Since  the  target  (in  space)  in  general  is  free  to  move  in  any 
position  relative  to  the  radar  site,  it  will  be  desirable  to  obtain 
cross-sections  at  all  linear  polarizations.  One  "brute  force"  tech¬ 
nique  consists  of  taking  patterns  at  equal  increments  of  orientation 
of  the  linear  polarizations.  In  order  to  cover  180*  using  increments 
of  10* ,  a  total  of  18  patterns  would  have  to  be  obtained  for  9ach 
"cut"  through  the  target.  And  this  technique  still  leaves  gaps  in 
between  the  10*  intervals. 

Another  procedure  would  be  to  recognize  that  the  patterns 
obtained  at  several  linear  polarizations  are  equivalent  (except  for  an 
ambiguity)  to  the  knowledge  of  the  scattering  matrix  of  the  target  as 
a  function  of  aspect*  On  the  other  hand,  if  the  scattering  matrix  of 
the  target  is  known,  the  radar  cross-section  at  all  linear  polariz¬ 
ations  can  be  determined.  Thus  knowledge  of  the  scattering  matrix  of 
a  target  at  all  aspect  angles,  gives  rise  to  a  complete  set  of  radar 
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cross-section  data,  (i«e*  without  gaps  in  aspects). 

It  is  natural  to  ask  about  the  minimum  set  of  data  required  for  a 
complete  set*  A  system  has  been  developed,  such  that  for  targets  with 
an  axis  of  rotational  symmetry,  only  four  patterns  (a  set  of 
compatible  patterns)  supply  complete  data* 

There  is  a  peouliar  feature  in  radar  patterns  which  makes  the 
concept  of  completeness  more  significant  than  at  first  sight  expected* 

It  is  well  known  that  a  pattern,  say  for  horizontal  polarization,  ex¬ 
hibits  aspect  angles  for  which  the  signal  disappears  in  the  noise 
level  but  that  for  the  sane  target  at  that  same  aspect  the  cross- 
section  at  a  different  polarization  (say  vertical  or  circular)  may  be 
considerably  above  the  noise  level*  In  that  case  the  choice  of  horizon¬ 
tal  polarization  to  obtain  scattering  matrix  data  (which  is  our  choioe) 
was  a  poor  one  since  the  signal  disappears  and  an  information  gap 
results  in  incomplete  data*  This  deficiency  points  to  a  requirement 
of  redundancy  in  the  minimum  set  of  input  data,  i*e*  we  have  to  select 
an  extra  pattern  such  that  if  one  pattern  of  the  set  disappears  in  the 
noise  level,  the  extra  pattern  exhibits  a  high  cross-section  and  vice 
versa*  Such  a  complete  set  with  built-in  redundancy  is  called  a 
compatible  minimum  set  of  radar  patterns* 

This  report  deals  with  the  detail  requirements  for  obtaining  a 
minimum  set  of  compatible  patterns.  For  rotationally  symmetrical 
targets,  it  can  be  shown  that  the  four  patterns  described  above 
satisfy  this  requirement. 

The  concept  of  redundancy  is  relatively  new  in  radar  cross-section 
work  but  is  clearly  a  necessary  requirement  for  the  employment  of 
computer  techniques  which  cannot  tolerate  information  gaps* 

For  non-rotationally  symmetric  targets,  it  can  easily  be  shown 
that  in  general  no  complete  set  of  data  is  possible!  This  means  for 
those  targets  there  will  always  be  information  gaps  no  matter  which 
method  of  measurement  one  chooses*  The  reason  for  this  is  purely  a 
matter  of  geometry.  Rotationally  symmetric  targets  are  defined  by 
only  one  aspect  angle,  i*e*  the  pattern  angle  cx  ,  while  targets  which 
do  not  have  an  axis  of  rotational  symmetry  will  also  depend  on  the  roll 
angle  (or  cut  angle)  p*  This  means  that  several  sets  of  patterns,  one 
set  for  each  "Cut"  through  the  target  have  to  be  obtained  and  since 
cuts  are  not  continuous  in  p  ,  there  always  will  be  information  gaps* 
Naturally,  it  is  possible  to  take  many  cuts  (small  increments  in  p  ) 
but  this  leads  to  a  tremendous  increase  in  amount  of  labor  required 
and  ideally  there  still  will  be  small  gaps  remaining.  Depending  on 
the  size  and  structure  of  the  target  the  diffraction  patterns  may 
exhibit  rapid  changes  even  within  a  few  degrees*  This  is  a  basic 
reason  why  it  is  discouraging  to  get  complete  data,  i.e.  complete 
scattering  matrix  information,  from  non-symmetrical  targets*  The 
amount  of  labor  involved  to  even  approach  a  complete  set  is  many  orders 
of  magnitude  larger  than  that  required  for  complete  data  on  symmetrical 
targets  which  can  be  done  by  a  relatively  simple  effort. 
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What  then  can  we  do  to  analyze  non-symmetrical  targets?  The  answer 
has  to  be  found  in  the  direction  of  selection  of  special  parameters 
which  are  significant  far  systems  considerations*  Based  on  these 
parameters  we  can  make  important  statements  about  the  targets  without 
having  to  know  a  complete  set  of  data* 

It  should  be  noted  that  the  requirement  of  completeness  of  data 
is  necessarily  an  ideal  one. 

However*  it  serves  a  useful  purpose  to  evaluate  systems  as  to  their 
degree  of  completeness*  Completeness  as  a  function  of  frequency  is 
clearly  an  impossible  requirement  since  it  would  require  coverage  of 
the  whole  spectrum*  Within  a  specified  frequency  range  completeness 
can  be  approximated*  Finally  there  are  orientations  of  a  target  at 
which  the  maximum  return  itself  disappears  below  the  noise  level*  (We 
refer  to  the  notion  of  "diffraction  null"  in  the  discussion  of  the 
targets  below)*  For  those  rare  cases  target  information  is  lost  and 
retrieval  of  it  is  impossible  but  Bolely  because  of  intrinsic  target 
properties  and  not  because  of  a  poor  choice  of  measurement. 

POLARIZATION  CHART 

A  useful  technique  of  representing  polarization  was  suggested  by 
Poincare  .  The  method  consists  of  using  the  orientation  angle  <p 
and  the  elliptieity  angle  t"  ,  which  determine  the  elliptioally 
polarized  wave*  as  polar  angles  of  a  point  on  a  unit  sphere.  The  actual 
polar  angles  are  given  by  2  <£  and  2  X  •  Points  on  one  hemisphere 
correspond  to  right-sensed  polarizations*  while  pointB  which  belong  to 
the  other  hemisphere  indicate  the  left-sensed  polarizations.  In  this 
m,' inner,  a  unique  representation  of  all  possible  polarization  is  given 
by  points  on  the  unit  sphere.  This  sphere  will  be  referred  to  as 
polarization  sphere*  (U) 

A  cylindrical  projection  of  the  sphere  on  a  plane  will  be  used  in 
this  work  to  obtain  a  polarization  chart*  Figure  1  shows  the  polariz¬ 
ation  chart.  The  outside  periphery  of  tho  chart  supplies  all  linear 
polarizations  with  horizontal  polarization  on  tho  right  and  vertical 
polarization  on  the  left  of  the  horizontal  axis.  The  position  angle 
of  a  point  on  the  chart  is  twice  the  major  axis  orientation  of  the 
ellipse*  The  radius  vector  is  a  function  of  elliptieity  only*  Two 
such  charts  -  one  belonging  to  the  upper,  and  the  other  to  the  lower 
hemisphere  -  determine  all  transmitter  polarizations  uniquely.  The 
center  of  the  chart  corresponds  to  the  two  circular  polarizations.  In 
many  applications,  it  will  be  more  convenient  to  use  one  polarization  chart 
instead  of  two*  to  indicate  all  points  on  the  polarization  sphere*  where 
points  belonging  to  differently  sensed  polarizations  are  distinguished  by 
some  labeling  procedure. 
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PRINCIPLE  OF  TARGET  SCATTIKINO 

A  radar  is  defined  as  a  sensor  of  electromagnetic  energy,  which 
uses  the  same  antenna  for  transmitting  and  receiving*  The  mechanism 
of  radar  reception  is  illustrated  in  Figure  2*  The  signal  back- 
scattered  from  the  target  is  in  general  decomposed  into  two  orthogonal 
components :  one  is  the  received  signal  which  has  a  polarization 
"parallel"  to  the  transmitted  signal;  the  other  is  the  rejected  signal 
which  is  "orthogonal"  to  the  received  polarization.  As  the  names 
indicate,  the  received  signal  contributes  to  a  voltage  at  the  terminals 
of  the  radar  receiver. 


In  mathematical  terms,  the  process  is  described  as  follows* 

Consider  the  normalized  transmitted  polarized  signal  represented  by  a 
two -component  complex  vector  h  ,  then  the  return  signal  is  given  by 
the  target  scattering  operator  T  applied  to  the  transmitted  Bignal  h 
(7).  The  received  voltage  will  then  be  found  as  a  scalar  product  of"* 
the  return  signal  Th  with  the  transmitted  signal  h  as  shown  by  the 
equation  V  ■  Th  •  h  •  The  received  voltage  squared  is  the  power  density 

2 

in  the  returned  wave:  P  «  |  Th  •  h  |  •  The  scattering  operator  T 

which  describes  the  radar  backscattering  properties  of  the  target  at 
fixed  aspect  angles  is  a  symmetric  operator  because  of  reciprocity* 


If  h  ie  determined  by  two  independent  components  of  electric  field 
in  a  given  frame  of  reference,  the  scattering  operator  T  is  represented 
by  a  two-by-two  symnetric  matrix. 


In  general  the  returned  signal  is  considered  decomposed  into  a 
component  "parallel"  to  the  transmitted  polarization  h  and  a  component 

"orthogonal"  to  h:  TH  -  ah'*  ♦  bh^  (in  this  notation  *  indicates 

complex  conjugation) •  Two  special  cases  are  of  interest:  If  the  trans¬ 
mit  polarization  h  is  such  that  the  scalar  b  ■  o,  it  is  the  solution  of 

the  eigen-value  problem:  Th  •  th  •  Two  orthogonal  eigen  vectors  h^  , 
and  hg  solve  this  problem.  We  can  show  that  one  polarization,  say 
is  the  so-called  maximum  polarization  h  max  ,  with  corresponding  eigen¬ 
value  t  _  *  For  this  case  the  power  density  in  the  returned  wave: 
max  2 

P  »  I  t  _  I  is  maximum.  The  other  case  is  where  the  scalar  a  •  o 
max  I  # 

and  we  have :  Th  *  t  h  .  This  case  solves  for  the  two  so-called 
— o  o—o  * 

* 

null  polarizations  and  £o2  ,  since  then:  V  -  to^  .  h  -  o  •  Far 
these  transmit  polarizations  the  antenna  appears  blind  to  the  target. 
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Fig.  1  Polarization  chart 


RETURNED  RECEIVED  REJECTED 

SIGNAL  *  SIGNAL  *  SIGNAL 


Fig.  2  Principle  of  radar  reception 


Each  null-polarisation  being  represented  as  a  point  on  the  polariz¬ 
ation  sphere  is  given  by  two  real  parameters*  Consequently,  the 
general  target  matrix  T  has  five  independent  parameters  by  which  it  is 
defined  (exeept  for  a  common  phase  factor  which  plays  no  role  with 
radar  amplitude  measurements).  If  the  positions  of  the  two  null- 
polarizations  are  known  as  two  points  on  the  polarisation  sphere,  then, 
for  an  arbitrary  transmitted  polarisation,  one  can  confute  the  return 
from  the  target*  It  is  clear  from  this  discussion  that  the  two  nulls 
and  maxima  specify  the  parameters  which  determine  the  scattering  operator 
iJi  an  invariant  form,  l.e.  without  dependence  on  a  particular  reference 

TrSSn - 

The  five  target  parameters  which  completely  determine  the  scattering 
matrix  for  any  target  at  a  fixed  frequency  ares 

'•vk  is  the  orientation  angle  of  the  maximum  polarisation  and  is 
the  internal  target  orientation  parameter. 

O’  is  the  ellipticity  angle  of  the  maximum  polarisation  and  is 
a  measure  of  "helicity1'  of  the  target. 

y  is  obtained  from  the  phase  of  the  maximum  polarization  and 
is  a  measure  of  depolarization  by  the  target. 

V  la  an  intrinsic  target  parameter  possibly  related  to  local 
”  surface  curvature  (for  specular  targets). 

P  is  the  maximum  receivable  cross-section  of  the  target, 
m 

The  quantities  are  all  a  function  of  aspect  (  ,  /?>  )  of  the  terget 

(15).  The  remaining  part  of  the  paper  describes  specific  techniques 
for  measuring  these  invariant  parameters. 

In  contrast  to  the  described  technique,  it  has  been  customary  in 
the  past  to  determine  the  scattering  matrix  by  measuring  its  coefficients 
directly.  It  is  clear  that,  although  this  method  also  would  describe 
the  scattering  operator  (since  the  reference  frame  in  which  the  operator 
is  represented  is  known),  the  matrix  coefficients  themselves  contain  a 
mixture  of  information  about  the  target  and  reference  frame,  and  thus 
are  not  pure  target  parameters*  To  try  to  correlate  information  obtain¬ 
ed  from  two  ciifferent  targetB  by  a  comparison  of  scattering  matrix 
coefficients  will  be  a  frustrating  task. 

INSTRUMENTATION 

A  special  antenna  was  designed  to  produce  variable  polarizations. 
Figure  3  shows  a  schematic  view  of  the  antenna  construction.  The 
reflector  consists  of  an  18-in  diameter  parabola  with  an  8-in  focal 
length.  The  feed  consists  of  a  tapered  circular  waveguide  with  a 
specially  designed  teflon  back  feed. 
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A  quarter  wave  vane  la  positioned  within  the  oircular  waveguide 
feed  providing  a  90*  phase  lag  between  the  two  orthogonal  linear  polaris¬ 
ations*  The  orientation  of  the  vane  with  respect  to  the  linear  input 
polarisation  determines  the  ellipticity  of  the  transmitted  polarisation* 
If  the  vane  assembly  and  the  linear  polarisation  are  simultaneously 
rotated,  a  change  of  major  axis  orientation  of  the  transmitted  ellipse 
occur 8.  Figure  U  shows  a  block  diagram  of  the  CW,  X-band  system  which 
was  employed*  For  monostatic  operation,  the  same  antenna  was  used  for 
transmitting  and  receiving,  as  was  mentioned  before.  This  requires 
that  the  received  signal  shall  be  separated  from  the  transmitted  signal* 
With  the  CW  system,  this  requirement  can  be  met  by  utilising  a  magic  T 
as  a  balanced  bridge*  To  accurately  determine  the  radar  return  from 
small  targets,  isolation  between  transmitted  and  received  signals  of 
the  order  of  100  db  must  be  achieved* 

Measure  manta  on  targets  having  radar  cross-sections  exceeding  one 
square  foot  were  accurate  to  within  *2£  db* 

THE  POUR  POLARIZATION  TECHNIQUE  FOR  SYMMETRICAL  TARGETS 

A  target  with  horizontal  symmetry  was  placed  upon  a  foam  tower  and 
rotated  along  the  vertical  axis  (Figure  $)• 

Four  patterns  of  different  polarizations  were  obtained  and  reoorded 
on  transparent  paper*  The  four  polarizations  used  were  horizontal, 
vertical,  linear  at  L5*  and  right  circular.  The  patterns  as  a  function 
of  rotation  angle  ware  superimposed  upon  each  other  and  db  differences 
firom  three  different  patterns  relative  to  the  local  maximum  were 
o'btained* . '  ' '  ' '  '  . ' "  ' 


The  polarization  null-locator  chart  Figure  6  is  constructed 
such  that  knowledge  of  the  db  differences  establishes  the  position  of 
the  characteristic  target  nulls  on  the  circular  polarization  chart. 

The  db -level  lines  for  each  of  the  four  polarizations  are  indicated 
on  the  null-locator  chart  in  Figure  6.  The  technique  for  finding  or 
plotting  a  target  polarization-null  consists  simply  of  reading  from  the 
four  superimposed  patterns  the  three  db  differences  relative  to  a  local 
maximum  (either  H  or  V) .  The  intersection  of  any  two  curves  correspond¬ 
ing  to  the  db  difference  values  for  the  corresponding  pattern  gives  the 
position  of  the  right-sensed  null  on  the  polarization  chart.  For 
symmetrical  targets  the  left-sensed  null  is  then  uniquely  determined* 

Notice  that  each  point  (polarization  null)  on  the  chart  Is 
obtained  from  intersections  of  three  db-difference  curves*  This  means 
that  the  method  15  overdetemined,  since  a  point  can  be  obtained  from 
the  intersection  of  two  db-difference  curves  alone.  The  entra  pattern 
gives  built-in  redundancy  for  the  system  of  measurements,  i.e.  if  one 
pattern  disappears  below  the  noise  level  no  information  is  lost,  since 
the  system  guarantees  a  high  return  for  the  other  polarization  patterns* 


99 


SCO’  paotafcCTOa 


Ptg.  2  Variable  polarization  antenna 
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Schematic  diagram  of  CW  X-band  system 


The  only  exception  to  this  rule  is  when  the  maximum  return,  i.e.  the 
return  for  the  maximum-polarization  itself  disappears  below  the  noise 
level*  This  happens  rarely  however}  we  refer  to  the  discussion  on 
"dif  fraction-nulls'1  below* 

The  four  polarization  method  works  very  fast  and  efficiently  far 
hand  plotting  target  information  obtained  in  the  laboratory  or  on  the 
pattern  range*  Observe  that  the  null -locator  ohart  is  symmetric  with 
respeot  to  the  horizontal  axis*  This  makes  an  ambiguity  check 
neoessary* 

A  new  four  polarisation  system  has  been  worked  out  rece^ly  which 
uses  an  elliptical  polarization  instead  of  the  145*  linear  and. 

which  eliminates  the  ambiguity*  Figure  7  shows  the  null-3  r 

ohart  designed  for  the  Improved  method*  Figure  8  actually 
illustrates  the  null  determination  for  this  case* 

The  fourth  pattern  in  the  new  ease  with  elliptical  polarization  thus 
serves  two  purposes!  1)  It  resolves  the  ambiguity  between  two 
possible  null-polarizations*  2)  It  supplies  built-in  redundancy  for 
the  system*  Thus  this  technique  supplies  a  minimum  set  of  compatible 
data  for  complete  radar  target  oroes-section  determination* 

EXPERIMENTAL  RESULTS 

Experimental  results  are  shown  for  two  types  of  targets*  The 
first  measurements  show  the  results  for  a  pair  of  plates  crossed  at 
90*  with  respeot  to  each  other*  The  intersecting  axis  was  kept 
vertioal  during  the  measurement  and  the  dihedral  was  rotated  about  the 
vertioal  axle  with  the  angle  o4  *  Figure  9  shows  the  four  patterns 
thus  obtainsd  ssparately  and  super-imposed  upon  eaoh  other*  The 
resulting  null-plot  for  this  target  is  shown  in  Figure  10.  We  obtain 
a  highly  interesting  question  mark  curve,  formed  by  the  null-locus  for 
right-handed  polarizations  on  ths  polarization  chart* 

One  notices  the  remarkable  regularity  which  the  mill -locus  for  the 
dihedral  exhibits,  compared  to  the  fluctuating  patterns  of  Figure  9* 
Notice  that  on  these  patterns  the  looal  maximum  is  attained  olther  at 
horizontal  polarization  or  at  vertioal  polarization*  At  no  aspeot 
angle  does  either  the  circular  polarization  pattern  or  the  1(5*  linear 
polarization  pattern  exceed  the  maximum  level*  This  result  is 
characteristic  for  syamstrloal  targets. 

Ths  second  experimental  result  was  obtained  from  a  convex-shaped 
body.  Figures  11  and  12  show  the  patterns  end  the  corresponding 
null-loo us  for  the  right-sensed  polarizations*  The  convex-shaped 
object  can  be  expeoted  to  exhibit  a  null-locus  characteristic 
(Figure  12)  which  is  distributed  around  the  oenter  of  the  ohart,  at 
oiroular  polarization,  beoause  of  specular  reflection*  It  is  interest¬ 
ing  to  note,  however,  that  deviations  from  the  center  position  occur 
even  for  relatively  strong  signals*  This  indicates  that  for  oonvex- 
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shaped  objects  of  a  few  wavelengths,  the  specular  reflection 
considered  as  a  local  flat  plate  is  no  longer  a  valid  assumption  at 
all  aspects.  Indeed,  the  null-locus  behavior  of  convex-shaped 
objects  could  be  used  to  determine  the  extent  to  which  stationary 
phase  methods  are  applicable  for  predicting  diffraction  patterns. 

We  notioe  a  peculiar  phenomenon  happening  at  of  »  6U*.  At  this  angle 
the  maximum  return  itself  disappears  in  the  noise.  At  this  angle  a 
so-called  "diffraction  null"  exists  for  the  target.  At  this  angle  no 
energy  is  returned  to  the  radar,  i.e.  the  target  is  "invisible"  to  the 
radar  for  any  type  of  polarizationl 

MEASUREMENT  OF  A  GENERAL  TARGET 

The  technique  thus  far  presented  is  suitable  for  radar  cross- 
seotlon  measurements  of  targets  which  have  rotational  symmetry.  Many 
targets  are  of  this  type,  or  are  approximately  symmetric.  These 
targets  are  particularly  suitable  to  measure,  since  scattering  matrix 
information  obtained  for  one  cut  through  the  rotation  axis  determines 
this  information  for  all  aspect  angles.  For  a  non-synmetrical  target, 
several  cuts  have  to  be  obtained  to  cover  all  aspect  angles.  For  this 
reason,  the  information  obtained  cannot  be  complete. 

Basically,  there  are  two  approaches  to  the  measurement  technique 
of  nan-symmetrical  targets,  for  each  out  in  which  data  are  obtained. 

The  first  consists  of  a  "symmetri nation"  procedure  and  involves  a 
rotatable  antenna.  The  second  method  computes  the  data  from  inputs 
to  a  stationary  antenna.  The  first  method  consists  of  a  "maximum  follow¬ 
ing"  principle  in  which  the  maximum  polarization  is  found  either  by 
scanning  with  linear  polarization,  or  by  some  other  technique.  Most 
targets  exhibit  the  property  of  having  no  "helicity"  i.e.  there  ie  no 
internal  preference  for  right  or  left  circular  polarization.  For 
those  targets,  the  maximum  polarization  is  a  linear  polarization  with 
orientation  angle  •  By  "following"  this  angle  by  rotation  of 
the  polarization  antenna,  either  manually  in  the  laboratory,  or  by 
rising  a  servo  dsvice  for  automatic  operation,  the  angle  ^  can  be 
eliminated  as  a  variable  parameter.  Thus  a  symmetrized  target  is 
obtained  of  which  patterns  are  measured,  and  ftrom  which  null-polariz¬ 
ations  can  be  deduced  in  exactly  the  same  manner  as  was  shown  for 
symmetrical  targets,  except  that  several  loci  are  now  necessary,  one 
locus  for  each  cut  through  the  target. 

If  the  target  has  appreciable  "helicity",  this  procedure  cannot 
be  followed  and  only  a  computing  scheme  will  suffice  to  analyze  the 
data.  The  computing  scheme  oonsiets  of  a  measurement  of  the  scattering 
matrix  by  conventional  means  (using  a  stationary  antenna  which  receives 
amplitude  and  phase  of  parallel  as  well  as  orthogonal  components  of 
the  backscattered  signal).  Through  the  oolution  of  the  two  eigen-value 
problems  discussed  before,  the  invariant  parameters  whioh  are  character¬ 
istic  for  the  target  are  computed.  These  values  could  be  presented 
graphically,  or  stored  in  the  computer  for  further  computations. 


CONCLUSION 


For  a  target  having  axial  syimetry,  a  complete  set  of  radar  cross- 
section  data  is  obtained  by  the  four  polarization  method,  which 
supplies  a  minimum  set  of  compatible  patterns*  From  these  patterns 
the  invariant  target  parameters  can  be  presented  graphically  as  a 
null -locus  on  a  polarization  chart  or  stored  in  a  computer  for  data 
analysis*  If  the  target  is  non- symmetrical,  complete  data  can  be 
supplied  only  for  each  "cut"  through  the  target  at  which  measurements 
are  performed*  If  the  target  has  no  "hell city*1  (i*e«  its  maximum 
polarization  is  linear)  symmetrized  null  loci  for  each  cut  can  be 
obtained  for' graphical  display*  In  either  case  complete  scattering 
matrix  determination  is  available  in  invariant  form*  This 
information  is  essential  for  signature  data  analysis  and  comparison 
of  radar  targets* 
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measurements  will  be  found  in  the  forthcoming  book  Space  Ay 
Electromagnetics ,  Vol.  I,  Chapter  VII,  n Polarisation  Dependence  of 
Radar  Targets"  by  J*  R.  Huynen,  to  be  published  by  McGraw-Hill. 


A  COMPARISON  BETWEEN  LONGITUDINAL  BAFFLING 
AND  TRANSVERSE  FENCE  FOR  REDUCING 
RANGE  GROUND  SCATTERING 

Alan  F.  Kay 

1)  INTRODUCTION 

If  a  baffle  or  fence  is  sufficiently  large  in  wavelengths  the  theory 
of  refQ]  may  be  used  to  predict  its  performance.  In  this  theory,  the 
Green's  theorem  expression  for  the  field  in  a  half  space  due  to  a  planar 
diffracting  metal  object  or  hole  in  an  infinite  metal  screen  is  expanded 
asymptotically  for  small  X  The  results  are  interpreted  physic*  /  as 
"diffraction'1  or  edge  rays.  The  expressions  for  these  r~/:'  may  then  be 
used  to  predict  the  effect  of  edges  wherever  they  occur,  in  scattering  by 
large  objects.  The  advantage  of  this  theory  lies  principally  in  the  fact  that 
the  non-tractable  surface  integral  expressions  of  Green's  formula  are 
reduced  to  relatively  simple  algebraic  formulas  and  a  simple  geometrical 
picture.  These  formulas  have  been  obtained  in  the  case  of  the  longitudinal 
baffle  (Figure  1)  and  the  transverse  fence  both  of  which  are  often  used  to 
suppress  ground  reflections  in  an  antenna  or  backscatter  range. 

2)  LONGITUDINAL  BAFFLE  THEORY 

In  this  case  there  are  six  edge  rays,  two  each  for  each  half  of  the 

baffle  ar.d  one  each  for  each  remaining  semi-infinite  ground  plane.  The 

general  expression  which  results  from  the  theory  of  refjlj  is  given  in  ^2j 

and  is  quite  complicated.  However  a  special  case  is  sufficient  for  first 

*  This  work  was  performed  for  the  Jet  Propulsion  Laboratory,  California 
Institute  of  Technology,  sponsored  by  the  National  Aeronautics  and 
Space  Administration  under  Contract  NAS  7-100. 
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order  baffle  design.  If  the  transmitting  antenna  is  an  isotropic  point  source 
and  both  antenna  and  target  are  at  the  same  height  H  above  ground  and  are 
both  in  the  symmetry  plane  of  the  baffle,  then  the  relative  one-way  power 


FI  fr  1 

VUW  or  PROPOSED  PATTERN  RANGE 


m 


of  the  ground  reflected  field  when  the  baffle  is  present  to  the  power  radiated 
directly  from  the  transmitter,  ie  given  by 


h(H-h)j_2(H-h)  +  r 


_  +  hYd2+H2  e1^ _ 

2.  2-,  1/4  2-11/4 


d(d  +hH)[2(d  +H  )  +  r  J 


where  r  is  the  distance  from  source  to  target,  h  is  the  height  and  d  is 
the  half  width  of  the  baffle,  and  ^  is  a  real  phase  factor  which  varies  rapidly 
with  X,  d,  h,  and  H.  Eq.  (1)  is  valid  for  a  perfectly  conducting  baffle  and 
ground.  If  an  imperfectly  reflecting  baffle  or  ground  (e.  g.  absorber)  is 
involved,  (1)  must  be  modified  by  the  appropriate  reflection  coefficients  of 
the  six  rays.  However  perfect  conductivity  is  the  worst  case  (moat  ground 
reflection)  and  conditions  in  practice  often  approximate  to  it. 

A  further  condition  for  the  validity  of  (1)  is  that  the  baffle  be  suffici¬ 
ently  large  compared  to  a  wavelength.  Detailed  analysis  in  this  case  shows 
that  sufficiently  large  can  be  expressed  algebraically  by  two  formulas  which 
reduce  to 


4h2(H-h)  >  Xr(d  +h  ). 


4d  >  Xr 


when  r2  >  >  H2  +  d2  and  r2  >  >  d2(H-h)2/(d2+h2)  which  is  the  case  most 
of  the  time.  More  general  formulas  than  (1)  and  (2)  are  available  in  ref[V|- 
In  a  given  backscatter  range,  r,  H,  and  X  would  be  given.  For  an 
optimum  baffle  design  the  values  of  d  and  h  minimizing  (1)  in  the  worst 
case  (when  ^  =  0)  would  be  desired.  Computations  with  (1)  show  that  the 
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optimum  generally  occurs  when  the  baffle  height  and  half  width  are  both 
equal  to  about  half  of  the  height  of  the  line  of  sight  above  ground.  That  is, 


For  example,  when  r  =  100',  X  =  .  5',  H  =  10',  d  =  h  =  5',  then  according  to 
(1)  the  reflected  field  is  about  9  db  below  the  direct  field.  If  the  height  of 
target  and  source  are  raised  to  20'  and  the  baffle  increased  to  10'  high  and 
10'  in  half-width,  the  undesired  ground  signal  is  reduced  to  about  14.  5  db  be¬ 
low  the  direct  signal.  These  are  approximately  optimum  values  of  d  and  h 
in  both  cases. 

Unfortunately  it  turns  out  that  some  practical  baffles  do  not  satisfy 
equations(2 ).  The  best  design,  in  fact,  is  not  a  baffle  satisfying  (3)  but  one 
somewhat  smaller.  This  fact  was  discovered  by  an  experimental  program. 
The  program  also  seemed  to  verify  the  validity  of  eq(l)  under  the  conditions 
of  eq(2). 

3)  EXPERIMENTAL  RESULTS 

An  8'  x  8'  aluminum  ground  plane  was  set  up  as  shown  in  Figure  2 
for  scale  model  studies.  In  all  cases  reported  here  r  was  xept  equal  to 
62. 2"  and  f  =  38.  8  gc  (X  =  .  305").  The  transmitter  was  fixed  at  a  height  H 
above  the  ground  plane  and  a  height  gain  curve  recorded  as  the  receiving 
antenna  was  elevated  a  height  L  above  the  ground  plane.  Figure  3  is  a  typical 
result  without  a  baffle  with  the  deep  nulls  indicating  a  good  ground  image. 
Typical  results  with  a  baffle  are  shown  in  Figure  4.  The  SWR  of  reflected 
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to  direct  signals  at  L  =  H  may  easily  be  read  from  these  carves  and  (when 

corrected  for  transmitter  and  receiver  directivities)  compared  to  the  SWR 

implied  by  (1).  The  comparison  is  given  in  Figure  5  in  several  cases  and 

* 

indicates  reasonable  agreement. 

It  should  be  pointed  out  that  a  longitudinal  baffle  also  produces  crose- 
polarization  and  for  designs  near  the  optimum  the  level  of  the  cross-polarized 
field  is  about  the  same  as  that  of  the  principally-polarized  reflected  field 
(see  ref  £2]  ). 

4)  TRANSVERSE  FENCE 


There  are  four  edge  rays  for  a  transverse  fence  as  shown  in  Figure  6. 
The  expression  analogous  to  (1)  for  the  relative  strength  of  ground  to  direct 
field  power  flow  with  fence  when  the  source  and  target  are  at  the  same  height 
H  and  when  the  fence  is  transverse  of  height  t  and  half-way  between  them  is 


(4) 


r4X 

64n^ 


1 


xT2f(|)24(H-t)2]4(H-t)  ^2[(f)2-KH«)2J4(H4t) 


[<f)2Wj1/2  [if-)2-HH-t)2JI/2 


M  2 
2 


(HH)Y£)2«<Hn)2  -  (H-t)t  <f  )*-KH-t)2 


la  this  Figure,  D  is  the  sum  of  the  decibel  directivities  of  transmitting 
and  receiving  antennas  in  the  direction  of  the  diffraction  ray  to  the  top  edge  of 
the  baffle  relative  to  that  for  the  direct  ray, 


c L‘h.  3.7. 5 


Eq(4)  is  only  valid  if  the  transmitter  pattern  le  isotropic,  if  the  ground  is 
perfectly  conducting,  and  if  conditions  analogous  to  (2)  which  imply  that  H-t 
and  t  are  not  too  small  compared  to  X  are  satisfied.  It  is  interesting  to 
note  that  when  the  baffle  and  the  fence  are  the  same  height  (t»h)  the  value 
of  (4)  is  fairly  close  to  that  of  (1)  (for  values  of  d  minimising  (1))  and  in  fuct 
usually  (4)  is  a  little  less  than  (1). 

From  this  fact,  one  suspects  that  the  fence  might  generally  be  more 
desirable  than  the  baffle,  and  this  seems  to  be  the  case.  Figure  7  is  an  ex¬ 
perimental  height  gain  curve  for  a  typical  fence.  Figure  8  compares  the 
measured  SWR  of  ground  to  direct  energy  for  various  baffles  and  fences  with 
the  line  of  sight  at  various  heights.  For  all  of  this  data,  r  =  62.  2"  and 
X  *  .  305".  From  this  data  it  appears  that  in  this  case  the  fence  of  height 
3.75"  is  the  best  and  better  than  any  baffle,  and  that  a  line  of  sight  height 
of  10"  ia  about  the  lowest  that  one  could  operate  while  still  suppressing  most 
of  the  ground  reflected  signal.  Even  at  a  line  of  sight  height  of  20"  little 
further  improvement  appears  possible  by  use  of  a  baffle  or  a  fence. 

5)  CONCLUSIONS  AND  SUMMARY 

We  have  derived  approximate  equations  for  the  suppression  of  the 
ground  reflected  signal  by  longitudinal  baffles  and  transverse  fences  which 
have  been  verified  by  an  experimental  program  in  some  cases.  In  a  particular 
case  these  expressions  (plus  measured  values  extending  data  beyond  the  range 
of  their  validity)  indicate  that  the  beet  fence  is  superior  to  the  best  baffle  and 
can  make  a  substantial  improvement  in  decreasing  ground  reflections.  These 
same  techniques  could  be  used  for  quantitatively  analyzing  the  performance 
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MEASURED  VALUES 


of  baffles  and  fence*  in  free  apace. 
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AN  ANALYSIS  OF  REFLECTION  MEASURING  SYSTEMS 


ABSTRACT 


Robert  G.  Kouyoumjian 
Associate  Supervisor 
Antenna  Laboratory 
Department  of  Electrical  Engineering 
The  Ohio  State  University 
Columbus,  Ohio  43210 


In  measuring  the  radar  reflectivity  of  an  obstacle  it  is  frequently 
desired  to  minimize  the  range  of  measurement  or  maximize  the  back 
scattered  signal  while  maintaining  prescribed  limits  on  the  departure 
of  the  incident  field  from  a  uniform  plane  wave  at  the  obstacle.  Although 
it  is  not  possible  to  analyze  this  optimization  of  the  measurement 
rigorously  for  the  general  case,  the  optimization  will  be  treated  here 
for  an  idealized  measuring  antenna.  The  results  are  assumed  to  be 
useful  in  estimating  the  limitations  and  requirements  of  practical 
reflection  measuring  systems.  The  analysis  is  employed  also  to  find 
the  approximate  size  of  the  largest  model  which  can  be  measured 
satisfactorily  with  a  CW  reflection  measuring  system.  This  paper  is 
essentially  a  condensed  version  of  Reference  1. 

1.  ECHO  AREA 

Let  a  rectangular  coordinate  system  be  fixed  in  a  scattering  object 
as  shown  in  Fig.  4.  The  vector  p  determines  a  point  on  the_ surface  S 
of  the  object  and  n  is  a  unit  normal  vector  to  the  surface  at  p  (the  symbol 
"  rv  "  will  be  used  to  indicate  vectors  of  unit  magnitude).  The  antenna  of 
the  reflection  measuring  system  is  linearly  polarized  in  the  x-direction 
and  is  located  at  a  range  R  from  the  obstacle.  The  input  terminals  to 
the  antenna  are  designated  by  1,  2. 


*  The  work  reported  in  this  paper  was  supported  in  part  by  Contract 
DA  36-039-sc- 5506  between  Signal  Corps  Supply  Agency,  Laboratory 
Procurement  Office,  Fort  Monmouth,  New  Jersey  and  The  Ohio  State 
University  Research  Foundation. 
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The  incident  field  with  electric  and  magnetic  vectors  E°,  H°  is 
the  field  generated  by  the  current  I^_at_the  terminals  1,  2  with  the 
obstacle  removed.  The  total  field  E,  H  is  the  fi,eld  generated  by  the 
current  1°  with  the  object  present.  The  scattered  field  by  definition 
is  E8  *  E  -  E°.  H8  =  H  -  H°  . 

For  au  incident  plane  wave  linearly  polarized  in  the  x-directlon 
the  echo  area  <r  is  defined  by 


<r  *  lim  4ir  R* 
R-*<» 


In  the  far«zone  of  the  scatterer,  as  R  —co,  E“  has  the  form 


E8  mm 
X 


^  (L^\  |e°|u„  . 


4ir  V  R 


where  the  far-zone  amplitude 


§ 


_  /s  Jk  p  .  z 

j  JxeJkp*  Z  +  ill _ 

S  z° 


— i —  £  {J  •  E°  -  K  •  H°  }  dS 

F°l  J 

Exl  S 


in  which  k  *  2tt/\,  zq  is  the  impedance  of  free  space,  and  (J,  K)  are  the 
equivalent  electric  and  magnetic  surface  currents  of  the  scattered  field 
induced  by  an  incident  electric  field  of  unit  amplitude.  2,s  From  Eqs.  (1) 
and  (2) 


Next,  using  the  Lorentz  reciprocal  theorem4'5  one  obtains 


Vr  1°  *  -  J  Ej  |  (j  { J  *  E°  -  K  •  H°} 
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in  which  Vr  is  the  open-circuit_voltage  received  at  terminals  1,  2. 

It  is  important  to  note  that  E°,  H°  used  in  Eq.  (5)  describe  a  general 
incident  field  which  need  not  be  a  uniform  plane  wave.  However,  it 
follows  from  Eqs.  (3),  (4),  and  (5)  that  E°,  H°  must  have  the  form 
of  a  uniform  plane  wave,  or  approximately  so,  in  the  vicinity  of  the 
obstacle,  if  Vr  is  to  be  used  to  determine  echo  area.  This  does  not 
necessarily  mean  that  the  obstacle  must  be  in  the  far-zone  of  the 
antenna;  we  shall  see  that  in  the  Fresnel  zone  there  are  regions  where 
the  field  of  the  antenna  is  approximately  a  uniform  plane  wave.  If  a 
proper  measurement  of  <r  is  to  be  made,  then 

VrI°  2  -  |e°|2  Ux  (6) 


where  the  integral  in  Eq.  (5)  is  approximately  equal  to  [e°|ux. 

2.  RECEIVED  POWER 

The  radiation  resistance  of  the  antenna  is  Ra,  and  the  transmitted 

power 

P°«-|l°|2Ra.  (7) 

2t 


Let  Pr  be  the  power  received  when  the  antenna  and  receiver  of  the 
reflection  system  are  matched;  then  since  Vr  is  the  open-circuit 
received  voltage, 


Pr  » 


1  Vr  | 1 

8  Ra 


From  Eqs.  (6),  (7),  (8) 


prpo 


|vri°|2  ,, 

16 


(8) 


(9) 


Now  if  the  incident  field  at,  the  obstacle 


is  nearly  a  uniform  plane  wave 


2 


%  2  z0  S° 


(10) 
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in  which  S°  is  the  incident  power  density.  Introducing  a  generalized 
gain** T 


C(R)  - 


Incident  power  density  at  range  R 
power  density  for  Pu  radiated  isotropically  at  range  R 


■  4 it  R*  S°(R)/P° 


(ID 


we  obtain  the  famllar  radar  range  equation  from  Eqs.  (9),  (10),  and  (11), 
except  that  the  following  expression  can  be  used  in  both  the  near  and  far 
zones  of  the  measuring  antenna. 


P°G*  (R)  cr  V  z 
(4tr  )*  R4 


(12) 


In  the  equations  to  follow  the  "approximately  equal"  symbol  will  be 
replaced  by  the  "equal"  symbol. 

From  F.qs.  (9)  and  (12)  it  is  seen  that  v  m.  |  Vr  j  *  when  the  incident 
field  is  ajuniform  plane  wave  in  the  region  occupied  by  the  obstacle  and 
when  J,  K  are  not  perturbed  by  the  presence  of  the  measuring  antenna. 
The  echo  area  may  be  determined  by  comparing  the  received  squared 
voltage  amplitude  with  that  from  a  scatterer  with  known  echo  area,  such 
as  a  sphere  or  corner  reflector  located  at  the  same  point.  Although 
echo  patterns  are  usually  taken  at  sufficient  range  so  that  obstacle»an» 
tenna  interaction  is  not  significant,  the  uniform  plane  wave  condition  on 
the  incident  field  at  the  obstacle  only  can  be  approximated  in  general . 
The  error  in  <r  resulting  from  this  approximation  can  not  be  ascertained 
for  an  arbitrary  scatterer,  but  this  error  has  been  studied  for  certain 
types  of  scatterers  and  the  results  serve  to  estimate  the  allowable 
departure  of  the  incident  field  from  a  uniform  plane  wave  in  the  region 
occupied  by  the  obstacle.  *»’ *0,u  it  is  seen  from  Eq,  (5)  that  the 
echo  area  measurerr  ent  does  not  depend  on  the  nature  of  the  scattered 
field  at  the  antenna  aperture .  This  is  an  important  point  when  one 
notes  that  attempts  have  been  made  to  establish  range  criteria  based 
on  prescribed  variations  from  the  plane  wave  condition  at  the  antenna 
aperture  as  well  as  the  obstacle. 
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3.  OPTIMIZATION  OF  THE  MEASUREMENT 


Let  an  obstacle  of  maximum  dimension  L  be  positioned  at  a 
range  R  on  the  symmetry  axis  of  the  measuring  antenna .  The 
antenna  aperture  is  taken  to  be  square  in  shape  with  a  side  length  f, 
and  the  aperture  field  distribution  is  taken  to  be  uniform  in  amplitude 
and  phase.  This  type  of  aperture  distribution  simplifies  the  solution 
of  the  problem,  and  as  was  mentioned  earlier,  it  is  assumed  that  the 
results  obtained  will  bear  a  reasonable  relationship  to  those  of 
parabola  and  horn  antennas  of  comparable  dimensions  used  with 
reflection  measuring  systems . 

The  obstacle  aperture  is  the  projection  of  the  model  on  a  plane 
perpendicular  to  the  direction  of  incidence.  In  taking  a  complete  set 
of  echo  patterns,  all  aspects  of  the  model  are  presented  to  the 
reflection  systein.  An  area  which  would  include  all  model  apertures 
is  the  square  area  whose  side  length  is  equal  to  the  largest  model 
dimension.  Since  the  reflection  systems  of  interest  here  are  employed 
in  echo  pattern  measurement  covering  all  aspects  of  the  scatterer,  this 
square  area  will  be  used  as  an  effective  aperture  in  the  following 
development.  Generally,  the  variation  in  amplitude  and  phase  of  the 
incident  field  at  the  effective  aperture  represents  the  maximum 
departure  of  the  incident  field  from  the  plane  wave  field  at  the  target . 
Thus  for  a  series  of  echo  patterns,  the  allowed  departure  of  the 
incident  field  from  the  uniform  plane  wave  condition  may  be  specified 
by  the  amplitude  and  phase  variation  of  the  incident  field  over  the 
effective  aperture .  An  obvious  exception  to  the  previous  discussion 
is  the  long  thin  scatterer  where  measurements  are  limited  to  the 
end-on  aspects;  in  this  case  the  radial  variation  of  the  field  must  also 
be  considered. 

It  is  seen  from  Eq.  {12}  that  the  smallest  measurable  echo  area 
in  square  wavelengths  is 


Pr  is  the  smallest  measurable  power.  The  first  factor  in  the  above 
equation  depends  upon  the  equipment  employed,  i.e.,  the  transmitter 
receiver,  model  support,  and  method  of  isolation  between  the  trans¬ 
mitted  and  received  power  .  However,  at  this  point  in  the  discussion 
our  attention  is  directed  to  the  second  factor,  which  determines  the 
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optimization  of  the  experiment  in  terms  of  minimum  range  or  minimum 
measurable  power  for  an  obstacle  of  given  L/\  and  prescribed  incident 
field  variation  at  its  aperture. 

The  field  of  a  square  aperture  with  a  uniform  electric  field  distri¬ 
bution  Ea  =  &  E4  is  given  by  Schelkunoff12  as 


o 


this  expression  is  valid  provided  x,  y  are  substantially  less  than  z,  and 
2  is  large  enough  so  that  the  field  point  is  not  close  to  the  aperture  . 

On  the  axis  of  the  antenna  Hy  £  Ex/z0,  the  power  density 

S°  2  |  Ea |  2  [E(W)]4/z0,  and  P°  %  I2  Ie*)2  /2z0,  where  W  =  </J  2\z  . 

It  then  follows  from  Eq.  (11)  that 


G(z)  =  4  it 


(16) 


where  R  clearly  equals  z ,  4tr(f/\)2  is  recognized  as  the  far-zone 
gain  of  the  square  aperture,  and  the  £  sign  again  has  been  replaced 
by  an  =  sign. 


We  shall  now  give  a  measure  of  the  variation  of  the  incident 
field  at  the  obstacle  aperture  by  defining  the  ratio  A  of  the  incident 
field  amplitude  at  the  edge  of  the  obstacle  aperture  to  the  amplitude 
of  the  center  of  the  aperture  and  the  phase  difference  4>  between  the 
center  and  edge  of  the  aperture:* 


*  Strictly  speaking,  Eq  (17)  describes  the  field  variation  only  in  the 
E-  and  H-planes. 
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(17) 


A  J*  =  E(U)  t  E(V) 
2£(W) 


where 


u  =  (<-L)/f2TR  ,  (18) 

v  «  (l+L)/f2XR  ,  (19) 

and 

W  =  (u  t  v)/ 2  .  (20) 

The  variables  involved  are  A,  L/X,  R/X,  .’’/X,  <r^mwithR/X 
and  the  dependent  variables  which  may  be  minimized.  For  a  given 

wavelength  and  scatterer  L./X  is  fixed  and  or  R  axe  minimized 

subject  to  the  conditions  that 


A0  <  A  <  i,  (21a) 

0  <  4>  <  4>o  .  izih) 


where  A0  is  the  maximum  allowed  amplitude  variation  and  <)>0  is  the 
maximum  allowed  phase  variation  of  the  incident  field  at  the  effective 
aperture.  The  solution  to  this  minimization  problem  is  facilitated  by 
expressing  R/X  and  in  terms  of  u  and  v.  From  Eqs.  (13),  (16), 

(18),  and  (19) 


W  |  J 
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where 


v  >  u;  moreover 


L  =  (v  +  u)  h.  .  (24) 

X  (v  •  u)  X 


It  is  clear  from  Eq.  (17)  that  u,  v  are  functions  of  A,  <f>  only  so  that  from 
the  limits  expressed  in  (21)  the  range  of  values  of  u,  v  depends  upon  A0, 

4>o»  i.e.,  our  measure  of  the  departure  of  the  incident  field  from  a  uniform 
plane  wave.  Since  u,v  are  independent  of  L/X,  it  i#  clear  that 
R/X  «  (L/X)2  and  a «  ( Jj  X)4;  thus  R/X  and  o increase  rapidly 
as  the  obstacle  size  increases  in  terms  of  wavelength. 

As  an  example  let  us  choose  <$>0  =  ir  /8  and  A0  =  0.9;  these  conditions 
on  the  variation  of  the  amplitude  and  phase  of  the  incident  field  are 
frequently  used  in  recording  echo  patterns.*  The  range  of  values  of  u,  v 
shown  in  Fig.  1  corresponding  to  these  values  of  4>c  and  A0  appear  in  the 
region  enclosed  by  the  curves  labeled  A  s  )  »  <f>  =0,  A  *1,  <f>  *  22.5°, 

A  a  0.9  and  the  edge  of  the  figure.  In  this  figure  it  follows  that  curves 
of  constant  R/X  for  fixed  L/X  are  described  by  the  equation  v.-u  =  k  and 
appear  as  a  family  of  straight  lines  of  slope  1.  The  value  of  k  is  given 
by  the  intersection  of  these  straight  lines  with  the  v  axis  .  Contours  of 
constant  for  fixed  L/X  may  be  presented  as  the  curves  described 

by 

-2 

=  constant;  (25) 


n  x 


-  u2 


E(W) 

w 


these  appear  as  dotted  curves  and  may  be  referred  to  as  curves  of  constant 
sensitivity.  From  Fig.  1  it  is  seen  that  the  maximum  value  of  k 
(minimum  R)  occurs  at  v  »  1,  u  =  0;  also  it  is  seen  that  the  minimum 
value  of  n  (minimum  a.  )  occurs  for  v  =  1,  u  =  0.  It  follows  from 
Eqs .  (22)  to  (24)  that  foruiis  example 


*  As  an  illustration  of  the  error  which  may  occur  with  this  type  of 
variation  in  the  incident  field,  Mentzer13  found  that  for  the  same 
4>o  and  A0  -  0.85  the  error  in  the  broadside  echo  areas  of  cylinders 
is  no  greater  than  0.7  db . 
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and 

l  _  _L 
X  X 


(26a) 

(26b) 


(26c) 


This  optimization  of  range  and  sensitivity  was  accomplished  by  varying 
the  aperture  of  the  measuring  antenna,  It  is  seen  that  this  optimization 
is  achieved  when  the  antenna  aperture  is  equal  to  the  obstacle  aperture, 
and  that  the  measurement  is  carried  out  in  the  far- zones  of  both 
apertures.  A  study  of  other  examples  where  only  modest  variations  of 
the  incident  field  at  the  target  is  permitted  reveals  essentially  the  same 
conditions  for  optimization.  In  the  case  where  large  variations  in  the 
incident  field  at  the  obstacle  are  permitted,  e .  g .  ,  <f>0  =  6ir ,  A0  =  0.7 
which  have  been  employed  in  the  measurement  of  the  median  echo  areas 
of  large  models,1  one  finds  it  impossible  to  simultaneously  minimize 
the  range  of  measurement  and  the  smallest  measurable  echo  area.  The 
condition  i  =  L  for  maximum  sensitivity  also  was  obtained  by  Fails  and 
Fubini14  under  more  general  assumptions  involving  a  restriction  on  the 
maximum  allowable  phase  difference  between  a  point  on  the  aperture 
and  a  point  on  the  effective  aperture. 


It  is  interesting  to  minimize  the  range  and  maximize  the  sensitivi¬ 
ty  when  the  antenna  and  effective  obstacle  apertures  are  not  equal.  Let 
us  examine  two  cases  t  =  2L  and  I  =  L/2.  It  is  seen  from  Eq.  (24)  that 
1=2 L  results  in  a  line  of  slope  3  passing  through  the  origin  of  the  u,v 
plane,  whereas  I  =  L/2  results  in  a  line  of  slope  -3  passing  through  the 
origin;  these  are  shown  as  dot-dashed  lines  in  Fig.  1.  From  Eqs,  (22), 
(23)  and  Fig.  2  one  obtains  for 


l  =  2L: 


2 


°Xm 


84ir 


136 


in  Arbitrary  Units 


2 


I  =  L/2 


^  f  ■  <«f 


m 


=  1024it 


Thus  for  fixed  L/X,  choosing  an  antenna  aperture  larger  than  the 
obstacle  aperture  results  in  an  increased  range  and  slightly  decreased 
sensitivity  compared  with  our  first  example;’ on  the  other  hand,  choosing 
an  antenna  aperture  smaller  than  the  obstacle  aperture  results  in  an 
unchanged  range  and  a  greatly  reduced  sensitivity. 

The  disadvantages  of  carrying  out  an  echo  measurement  in  the 
near  field  of  an  antenna  aperture  much  larger  than  the  obstacle 
aperture  also  may  be  seen  from  Fig.  2.  In  this  case  the  aperture 
relationship  is  described  by  a  line  through  the  origin  with  slope  a 
little  larger  than  one.  We  see  from  Eqs .  (22)  and  (24)  that 

R  -  2  ( t  V 

X  (v  +  u)2  \^X  J 


so  that  the  near  zone  of  the  measuring  antenna  corresponds  to  the 
upper  right  hand  part  of  the  enclosed  region.  This  is  clearly  a 
region  of  lower  sensitivity;  furthermore  for  a  fixed  L/\,  its  use 
results  in  larger  ranges  than  would  be  required  if  /  =  L. 

The  conclusions  reached  in  the  previous  paragraph  will  now  be 
checked  by  a  different  method.  As  pointed  out  earlier,  it  is  necessary 
in  measuring  <r  that  the  incident  field  closely  approximate  a  uniform 
plane  wave  at  the  scatterer.  It  has  been  shown1*  that  the  near-zone 
field  of  a  horn  antenna  closely  approximates  a  uniform  plane  wave  in 
the  neighborhood  of  its  axis.  The  accuracy  of  the  approximation 
improves  where  the  magnitude  of  the  field  is  stationary  with  respect 
to  axial  (or  z)  variation.  Thus  a  may  be  measured  in  the  near  zone 
of  a  horn  at  such  stationary  points  provided  that  the  target  is  not  so 
large  that  there  is  an  undesired  variation  of  the  field  over  its  effective 
aperture.  The  measured  field  of  a  horn  antenna  taken  along  its  axis 
is  shown  in  Fig.  2;  a  drawing  of  the  horn  is  also  shown  in  this  figure. 
Since  o\m  is  proportional  to  I  E*  I”  *  ,  as  may  be  seen  from  Eqs .  (4) 
and  (9),  it  is  desirable  to  choose  RX/f2  =  .032  or  .075  if  maximum 


sensitivity  is  to  be  obtained  in  the  near  zone  measurement.  In  carrying 
out  the  echo  measurement  of  some  plates  and  spheres,  the  latter  range 
was  selected,  ‘^because  of  its  broader  maximum  along  the  axis  . 

Refer  ring^o-Fig .  3,  which  presents  the  measured  field  of  the  horn  in 
the  £^and  H-planes,  it  is  evident  that  an  obstacle  with  L/x  =  1  can  be 
measured  with  A0  =  0.9.  A  square  plate  with  a  one  wavelength  side 
was  found  to  have  a  0.9  db  error  in  its  broadside  echo  area  at  this 
range;  on  the  other  hand,  a  sphere  of  one  wavelength  diameter  was 
found  to  have  an  error  in  its  echo  area  of  less  than  0.3  db .  This  near 
zone*  measurement  is  22.4  db  more  sensitive  than  a  measurement  in 
the  fa.r-zone  with  RX/l2  =  1;  however,  if  we  optimize  the  measurement 
by  setting  i  =  L  and  R  =  2L2  /X,  the  sensitivity  would  be  about  10  db 
greater  than  that  occurring  at  RX/f2  =  .075.  The  example  illustrates 
that  given  a  small  obstacle  and  large  antenna  aperture,  the  sensitivity 
can  be  increased  appreciably  by  choosing  the  proper  range  in  the  near 
field  of  the  antenna;  however,,  the  sensitivity  is  increased  to  a  maximum 
when  /  =  L  and  R/X  =  2(L/X}2  .  With  f  =  10L  and  RX/l2  =  .075, 
u  =  2.  32  and  v  =  2.84,  which  is  in  the  upper  right  hand  region  of  the  u,v 
diagram,  outside  the  range  of  values  shown  in  Fig.  2. 

In  the  measurement  of  small  obstacles  in  the  near  field  of  large  , 
focused  apertures  an  improvement  in  the  sensitivity  is  to  be  expected. 

It  is  of  interest  to  determine  the  extent  of  this  improvement  together 
with  the  associated  range  of  measurement;  this  will  be  considered  for 
the  general  case  and  then  applied  to  the  example  just  treated.  A 
theoretical  treatment  of  the  focused,  rectangular  aperture  has  been 
given  by  Sherman.1  6  In  his  paper  he  presents  a  theorem  that  in  the 
focal  plane  of  the  aperture  near  its  axis,  the  electric  field  has  the  same 
properties  as  the  far-zoae  field.  As  a  corollary,  at  the  focus  the 
electric  field  varies  inversely  with  the  focal  distance  and  may  be 
calculated  from  its  far-zone  expression  using  the  far-zone  gain. 
Experiments  reported  by  Goodrich  and  Hiatt, 11  which  give  the 
magnitude  of  the  electric  field  in  the  vicinity  of  a  focal  point,  are  in 
general  agreement  with  the  results  of  Sherman. 

When  small  scatterers  are  measured  in  the  near  field  of  a  large 
aperture  with  A0  =  0.9,  4>0  =  22.  5°,  the  permissible  nonuniformity  in 
the  incident  field  generally  is  determined  by  A0  (the  restriction  on  the 
phase  variation  usually  is  satisfied  easily).  From  the  theorem  given 
in  the  previous  paragraph  and  the  pattern  function  for  a  square  aperture 
with  a  uniform  aperture  distribution,  the  angle  a  between  the  pattern 


#  The  definition  of  near  zone  here  is  1,  2X  <  K  <  l2/X. 
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points  at  which  the  electric  field  intensity  is  0.  9  of  its  maximum  value 
is  found  to  be  \/Zt (I  »  X).  The  range  of  measurement,  or  focal 
distance  in  this  case,  is  obtained  from  L  =  Ra.  Next,  employing  the 
formula  for  the  far-zone  gain  and  substituting  into  Eq.  (13), 


Thus  for  the  large,  focused  aperture  one  can  achieve  the  optimum  sensi¬ 
tivity  reported  in  Eq.  (26b);  however,  the  range  of  measurement  is 
increased  by  a  factor  of  (f/ L)  with  respect  to  the  optimized  range.  In 
the  example  of  the  unfocused  near-zone  measurement  f/X  =  10,  L/X  =  1; 
if  this  aperture  were  focused  on  the  scatterer,  RX/f2  =0.2  and  the 
sensitivity  would  be  increased  about  10  db  with  respect  to  that  of  the 
unfocused  case.  On  the  other  hand,  the  range  is  nearly  three  times 
that  used  in  the  unfocused  case. 

APPLICATION 

It  is  assumed  that  the  reader  is  familiar  with  the  essential  features 
of  the  CW  and  pulsed  reflection  measuring  systems  similar  to  those  which 
have  been  used  at  this  laboratory.1  *»  l,»  2  0  The  pulsed  systems  are 
inherently  more  sensitive  than  the  CW  systems,  hut  are  more  costly 
and  complicated  than  the  latter;  consequently,  we  are  interested  in  the 
approximate  size  of  the  largest  obstacle  which  can  be  measured  using 
a  CW  system. 

First  let  us  establish  criteria  for  a  satisfactory  echo  pattern. 

Again,  A0  and  <)>0  are  chosen  to  be  0.  9  and  22.  5°,  respectively.  The 
coherent  component  of  the  background  power  is  required  to  be  20  db 
below  the  received  power  from  the  median  echo  area  cr,  so  that  the 
background  power  can  cause  an  error  no  greater  than  1  db  in  it  . 

Assuming  that  the  indirect  obstacle-antenna  interaction  is  insignificant, 
the  background  power  is  the  power  observed  with  the  obstacle  absent. 

Its  coherent  component  may  be  caused  by  ungated  reflections  from  the 
ground  or  obstacle  support  in  the  case  of  a  pulsed  system  or  by 
unbalanced  reflections  in  the  hybrid  junction  circuit  in  the  case  of  a 
CW  system.  A  practical- iipper  limit  to  the  balance  of  the  hybrid 
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junction  circuit  appears  to  be  about  100  db,  i.  e,  the  background  power 
in  the  receiver  arm  of  the  circuit  is  100  db  below  the  power  in  the 
transmitter  arm.  2  1  With  the  6  db  loss  in  the  hybrid  junction  circuit, 
the  background  power  is  about  94  db  below  the  transmitted  power. 

Using  the  above  data  it  is  found  fronr.  Eq.  (26b)  that  the  minimum 
measurable  <r  in  square  wavelengths  is 


r\m 


i  8  x  10' 


*©• 


A  curve  for  this  equation  is  shown  in  Fig.  5,  where  is  plotted  as 
a  function  of  l/\  for  different  artillery  shells  and  aircraft  models. 
The  cr^  were  found  for  0-degree  elevation  patterns,  because  cr^  is 
usually  smallest  for  these  patterns.  These  targets  are  more  or  less 
cylindrical  in  shape  so  the  fairly  regular  behavior  of  o-»  with  LA  is 
not  surprising.  The  larger  dispersion  of  data  below  L/X  =  7  is  to  be 
expected  from  target  resonances.  From  the  intersection  of  the  two 
curves,  one  notes  that  CW  reflection  systems  can  be  U6ed  to  measure 
targets  of  this  type  with  l_/x  as  large  as  40.  This  answer  agrees  with 
the  opinion  based  on  experience  that  a  CW  reflection  system  can  be 
used  to  record  satisfactory  patterns  provided  the  scatterer  is  not 
more  than  a  few  dozen  wavelengths  long. 


In  conclusion,  although  certain  theoretical  results  presented 
here  have  been  confirmed  experimentally  for  reflection  systems 
employing  horn  and  parabolic  antennas,  the  analysis  is  based  in 
part  on  the  use  of  a  square  aperture  with  a  field  distribution  uniform 
in  amplitude  and  phase.  A  more  precise  statement  of  the  limitations 
on  these  results  can  be  given  after  this  analysis  has  been  extended  to 
include  other  aperture  shapes  and  field  distributions. 
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in  Arbitrary  Units 


w  40 
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Fig.  3.  Measured  Transverse  Electric  Field  of  a  Horn. 
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Fig.  5.  Median  Echo  Areas  for  0-Degree  Elevation  Patterns  of  Artillery 
Shell  and  Aircraft  Models  of  Varying  Length. 
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MEASURING  Tilt  rii.iSE  ilND  THE  AMPLITUDE 
OF  BaCKSCaTTEUED  RADAR  ENERGY  ON  A  STATIC  ILuNGE 


Norman  R.  Landry 

Electromagnetic  Research  Laboratory 
UCA  Miaaile  &  Surface  Radar  Division 
Moorestown,  New  Jersey 

ABSTRACT 

A  pulae  system  capable  of  making  both  phase  and  amplitude  measure¬ 
ments  at  1300  megacycles  is  briefly  described.  Following  a  discussion 
of  the  phase  detectors  that  are  used,  some  of  the  stability  problems 
associated  with  a  full-scale  pulsed  system  are  explored,  with  special 
emphasis  on  the  effects  of  range  background  on  phase  measurements. 

Also  included  are  discussions  of  l)phase  versus  time  delay  measure¬ 
ments,  and  2)  the  effect  of  various  centers  of  rotation  on  the  phase 
measurements  from  a  given  target. 

***** 

To  date,  most  radar  cross-section  measurement  ranges  have  concentra¬ 
ted  on  measuring  the  amplitude  rather  than  both  the  amplitude  and  the 
phase  of  backscattered  energy.  Inasmuch  as  phase  data  is  very  useful 
in  trying  to  obtain  the  scattering  matrix  associated  with  a  particular 
body,  a  system  capable  of  measuring  both  items  at  1300  me  has  recently 
been  built  as  a  part  of  DAMP,  the  Downrange  Antimissile  Measurement 
Program  under  Project  DEFENDER  (sponsored  by  the  Advanced  Research 
Projects  Agency  and  administered  by  the  Army  Missile  Command.) 

The  discussion  that  follows  explores  the  problems  peculiar  to  phase 
measurements.  It  is  not  meant  to  ignore  amplitude  measurements,  but 
it  is  felt  that  phase  measurements  have  not  been  documented  as  well  as 
amplitude  measurements  in  the  radar  cross-section  literature. 

A  simplified  block  diugram  of  the  amplitude  and  phase  measurement 
system  is  shown  in  Figure  1.  The  transmitted  frequency  is  obtained 
by  mixing  the  STaLO  frequency  with  a  crystal  controlled  30-mc  signal 
and  selecting  the  proper  sideband  to  be  amplified.  Characteristics 
of  the  preselector  are  such  that  the  ST.iLO  frequency  is  attenuated 
80  db  as  compared  to  the  transmitter  frequency.  The  HF  switch  and 
pulse  generator  are  used  to  form  the  low-level  HF  pulse  and  the  width 
of  the  HF  pulse  is  adjustable  and  iB  usually  set  to  0.2  microseconds. 
The  output  from  the  HF  switch  is  fed  through  two  stages  of  amplifica¬ 
tion.  The  first  travelling-wave  tube  amplifier  is  a  Sperry  STL-260 
and  has  a  power  gain  of  approximately  50  db  with  an  output  peak  power 
of  up  to  30  watts.  The  second  TWT  is  a  Variaa  Va-131B  and  has  a  power 
gain  of  approximately  40  db  with  an  output  peak  power  of  up  to  50  kw 
of  which  5  kw  is  usually  used.  The  output  from  the  transmitter  is 
fed  through  the  microwave  system  to  the  30-foot  diameter  L-band  anten¬ 
na.  Target  returns  are  mixed  with  the  STALO  frequency  and  then  ampli¬ 
fied  in  the  gated  I.F.  amplifier.  The  30-mc  reference  frequency  is 
also  amplified  in  a  gated  l.F.  amplifier  and  the  outputs  from  the  two 
I.F.  amplifiers  contain  the  desired  amplitude  and  phuse  information. 

The  amplitude  and  phase  detectors  extract  this  information  and  make  it 
available  for  any  of  the  recorders  (analog  and  digital)  in  the  recorder 
complex. 
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Simplified  Block  Diagram  of  Phase  Measurement  System 


In  keeping  with  the  idea  of  discussing  those  items  peculiar  to  phase  meas¬ 
urements,  only  the  phase  detector  of  Figure  1  will  be  discussed  in  any  detail. 

A  schematic  of  the  basic  components  of  the  phase  detector  is  shown  in  Figure  2. 
Using  phasor  diagrams  to  represent  the  various  voltages,  the  reference  voltage 
can  be  depicted  as  Ei .  The  signal  voltage  is  very  small  compared  to  the  refer¬ 
ence  and  because  of  uie  centertapped  transformer  action  adds  in  quadrature  to 
Ej  when  the  relative  phase  between  the  two  signals  is  zero.  See  sketch. 


As  shown,  for  the  case  of  zero  relative  phase,  E2  and  E3  are  equal  in  amplitude. 
The  outputs  from  the  half-wave  rectifiers  will  be  equal  in  amplitude  and  of  oppo¬ 
site  polarity  and  the  stretched  video  output  from  the  centertap  will  have  zero 
amplitude.  The  case  for  a  forty-five  degree  relative  phase  is  shown  below. 


tignoi 


E2  and  E3  are  no  longer  equal  and  the  stretched  video  pulses  will  have  some 
positive  amplitude.  For  E2  larger  than  E3  (for  -45  degrees,  say)  the  output 
pulses  would  be  negative.  If  El,  E2.  and  E3  are  considered  as  being  essentially 
parallel  (Ej,  E2,  and  E3  >>  Egjg.)  then  the  amplitude  of  the  output  is  E3  -Eg, 
and 


sin  at 


E 


3 


sin  0 i 


E3-E2'E.lg  9l"“- 

If  the  amplitude  of  Egig  is  held  constant  by  using  the  AGC  controlled  signal,  then 
the  output  from  the  phase  detector  is  proportional  to  the  sine  of  the  input  phase 
angle.  Note  the  180  degree  ambiguity  in  the  above  sketches.  To  overcome  this 
ambiguity  two  phase  detectors  are  used  and  the  reference  signal  fed  into  one  of 


the  phase  detectors  is  phase  shifted  ninety  degrees  so  that  its  output  voltage  is 
proportional  to  the  cosine  of  the  unknown  phase  angle.  Knowing  both  the  sine 
and  cosine  of  the  angle  to  be  measured,  the  angle  can  be  unambiguously  deter¬ 
mined.  The  stretched  video  pulses  are  peak  detected  and  the  d-c  levels  are 
amplified  to  a  usable  level  and  recorded.  In  addition,  the  two  d-c  levels  are 
fed  into  an  electromagnetic  chopper  and  resolver  unit  and  the  resolved  phase 
angle  is  recorded. 

A  list  of  the  system  specifications  as  applicable  to  both  amplitude  and  phase 
measurements  is  given  below. 

1)  Relative  phase  accuracy  of  5.0  degrees  rms  for  a  0.01  square  meter 
target. 

2)  Background  cross  section  of  0.0001  square  meters. 

3)  Absolute  amplitude  calibration  accuracy  of  ±1.0  db. 

4)  Amplitude  measurement  accuracy  of  ±1.2  db  at  0.01  square  meters. 

5)  Target  aspect  angle  accuracy  of  ±0.1  degrees. 

6)  Target  handling  capability  of  4,000  pounds  and  approximately  30  feet 
long. 

7)  Transmit  capability  of  any  linear,  circular  or  elliptical  polarization. 

8)  Receive  capability  of  any  linear,  circular  or  elliptical  polarization. 

9)  Transmitter  frequency  of  1300  megacycles. 

10)  Pulse  width  of  0.2  microseconds. 

11)  Pulse  repetition  frequency  of  1000  pps. 

12)  Maximum  transmitter  peak  power  of  5.0  kilowatts. 

13)  Range  gate  of  0.2  microseconds. 

14)  Recordings  of  amplitude  and  phase  on  analog  and  digital  magnetic  tape 
and/or  rectilinear  and  polar  graphs. 

The  accuracy  of  the  phase  and  amplitude  data  is  as  given  above  in  the 
section  describing  system  specifications.  Two  primary  sources  of  error  are 
from  site  background  and  equipment  drift.  With  respect  to  phase  measurements 
the  effects  of  background  have  been  analyzed  analytically  and  the  effects  of  sys¬ 
tem  drift  have  been  measured  and  analyzed  statistically.  The  results  are  given 
in  Table  1  and  the  calculations  are  shown  in  Appendix  A.  The  phase  errors  were 
calculated  by  assuming  that  background  is  fixed  in  amplitude  and  phase  (a  fixed 
target)  and  that  the  phase  of  the  signal  voltage  is  equally  likely  to  be  anywhere 
from  0  to  360  degrees  relative  to  the  background  at  any  aspect  angle  on  any 
given  test.  The  calculations  were  made  for  S/N  =  0  decibels  and  for  very  large 
values  of  S/N.  The  condition  that  gave  the  largest  error  was  then  extrapolated 
for  other  values  of  S/N  and  the  column  of  RMS  error  where  extrapolation  was 
required  has  been  marked  "Approximate".  The  calculations  are  still  valid  if 
the  phase  of  the  background  signal  varies  in  a  random  manner  relative  to  the 
phase  of  the  target  signal.  If  background  takes  on  the  characteristics  of  noise 
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TABLE  I.  BACKGROUND  EFFECTS  ON  PHASE  MEASUREMENTS 


Signal  to  Noise 
db 

Maximum  Error 
degrees 

Average  Error 
degrees 

RMS  Error 
degreos  (Approx.) 

0 

90.0 

0.0 

52.0 

10 

18.4 

0.0 

13.0 

20 

5.75 

0.0 

4.06 

30 

1.81 

0.0 

1.28 

40 

.59 

0.0 

0.42 

SYSTEM  STABILITY 


Units 

10  minute  period 

20  minute  period 

Average  Maximum  Phase 
Error 

degrees 

±1.8 

±3.1 

Standard  Deviation  of 
Above  Average 

degrees 

2.2 

3.1 

Average  Standard  Devia¬ 
tion  of  Phase  Error 
Within  One  Run 

degrees 

— 

0.51 

Standard  Deviation  of 
Above  Average 

degrees 

“ 

0.72 

(as  it  tends  to  do  with  proper  nulling  techniques)  the  phase  errors  in  the  RF 
energy  also  take  on  the  characteristics  of  noise.  When  these  signals  are  pro¬ 
cessed  by  peak  detecting  circuitry,  however,  these  phase  errors  tend  toward 
the  maximum  values.  Since  the  peak  detection  is  not  perfect,  the  actual  errors 
will  probably  be  closer  to  the  RMS  error. 

The  system  stability  section  of  Table  I  shows  that  the  average  maximum 
phase  error  in  a  20-minute  run  is  ±3. 1  degrees.  It  must  be  stres  ;  ,  at  this 
maximum  phase  error  exists  only  for  a  very  limited  target  aspect  a-  ,,ie  and  can 
occur  at  random.  A  look  at  the  average  standard  deviation  of  phase  error  within 
one  run  will  bring  out  this  point.  In  an  average  test  there  can  be  errors  of  3. 1 
degrees,  but  their  frequency  will  be  associated  with  the  six  sigma  value  of  the 
standard  deviation  which  was  determined  to  be  0.51.  For  any  given  test  picked 
at  random  it  can  be  said  that  the  standard  deviation  of  the  phase  errors  in  that 
test  will  be  less  than  2.67  [0.51  +  3  (0.72)1  degrees  for  998  tests  out  of  1000. 
This  Information  was  obtained  by  analyzing  120  pieces  of  10-mlnute  data  and 
60  pieces  of  20-minute  data.  The  periods  of  ten  and  twenty  minutes  were 
chosen  because  the  time  for  one  target  rotation  is  between  these  two  values  and 
because  phase  stability  is  only  needed  during  a  target  revolution  since  phase 
differences  are  read  from  the  data. 
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Two  effects  related  to  phase  accuracy  that  have  been  noticed  In  the  data 
that  has  been  recorded  are  1)  that  the  phase  data  from  symmetrical  targets 
is  very  symmetrical  and  2)  that  the  phase  differences  read  from  the  data  area 
function  of  the  location  of  the  center  of  rotation  on  the  target.  If  a  target  body 
is  immersed  in  a  flat  field  regardless  of  the  location  of  the  center  of  rotation 
and  if  multipath  effects  are  negligible,  the  only  effect  of  different  centers  of 
rotation  is  to  change  the  effective  range  of  the  target  as  it  is  rotated  about  the 
different  centers  of  rotation.  Having  made  a  phase  measurement  for  a  certain 
center  of  rotation  it  is  possible  to  synthesize  a  phase  measurement  about  a  new 
center  of  rotation  by  the  following  formula. 

_  720  A  cos  6 

a  ■  X 


where 


a  is  the  correction  angle  in  degrees 

Ais  the  amount  of  translation  of  the  center  of  rotation  and  is  positive  if 
the  center  of  rotation  is  moved  toward  the  nose  of  the  target 

6  is  the  target  aspect  angle  and  is  zero  degrees  for  nose-on 

X  is  the  operating  wavelength  and  must  have  the  same  dimensional  unit 
as  A. 

The  correction  angle,  a,  is  added  to  the  measured  phase  angle  at  each  target 
aspect  angle  and  can  be  positive  or  negative  depending  on  the  sign  of  the  cosine  6. 

A  digital  computer  program  is  being  prepared  to  carry  out  this  computation  (if 
desired)  on  the  digital  data  that  will  be  recorded. 

Since  the  effect  of  phase  variation  due  to  target  aspect  change  and  phase 
variation  due  to  range  change  (time  delay)  can  be  but  need  not  be  the  same,  it 
had  to  be  determined  whether  the  system  was  actually  measuring  phase  changes 
and  time  delay  or  just  time  delay.  It  was  felt  that  if  insufficient  bandwidth  were 
available,  the  phase  of  the  signal  in  the  IF  amplifier  would  be  Independent  of  the 
phase  of  the  RF  signal  and  resultant  phase  measurements  would  merely  be  meas¬ 
urements  of  the  relative  times  at  which  the  IF  amplifier  was  shocked  into  ring¬ 
ing.  A  test  was  devised  to  resolve  the  question  and  the  results  proved  conclusively 
that  the  system  measures  the  phase  of  the  returned  energy  regardless  of  what 
(time  or  target)  has  affected  the  phase.  Thus  if  the  phase  of  the  return  is  affected 
by  the  shifting  of  the  center  of  return  or  by  a  change  in  boundary  1 or  (ablation 
material,  e.g.)  the  phase  system  will  measure  the  total  change  and  not  only  that 
due  to  the  change  in  effective  range.  The  test  consisted  of  two  parts  1)  varying 
the  effective  range  to  the  target  and  2)  holding  range  constant  and  varying  intra¬ 
pulse  RF  phase.  In  the  first  test,  the  time  of  the  target  return  was  delayed  by 
means  of  a  line  stretcher  in  the  transmitter  line  to  the  antenna  and  data  of  meas¬ 
ured  phase  versus  line  stretcher  position  was  recorded.  In  the  second  test,  the 
time  of  the  echo  was  maintained  constant  relative  to  the  reference,  to,  and  the 
phase  of  the  transmitted  signal  at  t0  was  varied.  Again,  data  was  recorded  and 
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when  the  results  of  the  two  tests  were  compared,  It  was  judged  that  (within  the 
experimental  accuracy  described  in  the  system  specifications)  the  two  curves 
were  identical.  It  is  thus  concluded  that  the  system  measures  the  phase  of  the 
RF  echo  regardless  of  what  has  affected  the  phase. 

A  sample  of  a  phase  measurement  is  given  in  Figure  3  and  the  corresponding 
amplitude  (cross-section)  data  is  given  in  Figure  4.  The  target  body  is  a  thirty- 
inch  diameter  flat  plate,  has  a  large  U-shaped  stiffener  on  one  face  and  is 
mounted  with  a  metal  shaft.  When  using  the  phase  data,  it  must  be  remembered 
that  phase  measurements  have  meaning  only  when  a  change  of  phase  is  associated 
with  a  change  in  aspect  angle.  The  phase  data  can  be  considered  linear  for 
rough  approximations  and  if  an  arbitrary  reference  angle  of  ftia  associated  with 
the  center  of  the  polar  graph,  then  the  outside  of  the  polar  graph  represents 
360°  +  ft.  Phase  angles  of  a,  2ff+a  and  in  general  2nff  +  a  are  dll  recorded  at 
the  same  radial  position  relative  to  the  center  on  the  graphs.  The  recording  pen 
flyback  at  360  *  +  ft  allows  the  counting  of  the  number  of  2 ff  radians  that  have 
occurred.  A  flyback  from  the  outside  of  the  graph  toward  the  inside  can  be 
interpreted  as  saying  that  an  angle  of  2ir  should  be  added  to  subsequent  readings 
(another  flyback  says  that  4ir  should  be  added  etc.)  and  a  flyback  from  the  center 
of  the  graph  toward  the  outside  can  be  interpreted  as  saying  that  an  angle  of  2rr 
should  be  subtracted  from  subsequent  readings.  The  phase  angle  for  the  flat 
plate  varies  three  4ir  +  a  where  180®  <ol<  360®.  A  look  at  0  =  o*(face  on)  and 
6  =  180  ®  (tail  on)  shows  that  the  flat  plate  was  not  rotated  about  an  axis  in  the 
plane  of  the  flat  plate.  Knowing  that  it  was  rotated  about  an  axis  parallel  to 
the  plane  of  the  flat  plate  and  that  the  displacement  was  less  than  a  quarter 
wavelength,  the  actual  displacement  can  be  calculated  from  the  phase  data  as 
being  5/8  inch.  For  the  radar  cross-section  plots,  the  scales  are  linear,  each 
division  is  equal  to  one  decibel  and  the  level  of  one  square  meter  is  marked  on 
the  graph.  For  both  plots,  the  angular  aspect  angle  is  in  degrees  and  the  identi¬ 
fication  of  6=  0®  (or  face  on)  is  marked  on  the  polar  graphs. 
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APPENDIX  \ 


Background  Effects  on  Phase  Measurements 
Assumptions: 

1)  Background  fixed  in  amplitude  and  phase. 1 

2)  Relative  phase  between  signal  and  background  voltages  equally 
likely  to  be  anywhere  between  0  and  360  degrees 

Let  ej  =  signal  voltage 

e2  =  background  voltage 

if/  3  relative  phase  between  signal  and  background  voltage 
a  =  error  in  phase  measurements 


then 


tan  a  = 


®2  sin  ^ 

el  +  e2  008  ^ 


(A-l) 


The  value  of  that  will  make  the  phase  error  a  maximum  can  be  found  by  differ¬ 
entiating  equation  A-l  and  setting  the  resultant  equal  to  zero. 


a  =  tan 


e2  sin  if/ 
e^  +  e2  cos  if/ 


1Tbe  phuse  of  the  background  voltage  can  be  allowed  to  vary  as  long  as  it  varies 
independently  from  the  signal  voltage. 
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Use  of  the  following  sketch 


0( 

max 


(A 


To  study  some  of  the  statistical  characteristics  of  the  phase  error,  a,  con¬ 
sider  the  case  where  the  background  voltage  is  much  less  than  the  signal  voltage, 
When  e2  <  <  ej  the  equation 


a  =  tan 


e2  sin  ifr 
el  +  e2  008  ^ 


reduces  to 
e„ 

a  =— *■  sin  i l>  iA 

el 

where  a  is  expressed  in  radians. 


From  the  second  assumption  on  page  156,  the  probability  density  function  of  *l> 
can  be  written  as  follows: 

P  <*>  =  ^7  -it  <  iff  ^  it 
=  0  otherwise. 

The  probability  density  function  of  a  will  now  be  found. 


Because  of  the  symmetry  of  the  sine  curve  about  its  peak  value  and  because  a  is 
a  double  valued  function  of  iff 

p  (O')  =  2  p  (iff) 

,  k  2  d  r  ,  -1  ela  1 
P<a>  "  2?r  da  l8in 


P  (<*)  = 


=  0  for  I  a  I  >  . 


V 


"■vie  ^  s 


J  a  .v.ov,'  , 


!■!».'■  j  kwwmmaimmmqmtmmpwmw  huiujiwbwi  uj  wppwwp  am 


v  JV*  -cvr-'3**?rfw-p  ;  /■ 


2  2 

Again,  the  mean  value  of  a  is  zero  by  inspection,  the  variance  is  found  as  follows, 


12. 

—  a  da 

it 


a 


11  =  ±  a  2 

12  3  max 


and  the  standard  deviation  or  RMS  value  is 

1 


°Ct  ~  a  RMS 


Vs 


a 


max  for  ®2  =  ei 


(A-8) 


To  demonstrate  that  equations  A-5  and  A-7  are  reasonable,  the  following  sketches 
are  offered. 

In  both  sketches  equal  increments  of  ^have  been  chosen  and  the  vectors'^  +  e2 
have  been  drawn.  The  distribution  of  a  is  constant  for  ej  =  e2  and  for  ej  =  3  e2 
the  distribution  is  concentrated  near  the  maximum  value  of  a  . 

The  phase  errors  shown  in  Table  I  in  the  body  of  the  report  were  calculated  as 
follows: 

Maximum  Error 

Use  equation  A- 3 


a  =  8 in 

Ill  AX 


-l 
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Average  Error 

For  e2  <  <  el  anc^  f°r  e2  =  ®i  mean  value  of  a  was  found  to  be  zero.  With 
the  help  of  Figure  A-l  in  this  Appendix,  these  results  can  be  extrapolated  for 

el 

any  ratio  of  — —  .  Thus 
2 

C 

“ST  =  0  for  all  values  of-^-  . 

N 

RM8  Error 


“  RMS  =  7=  a  max  f»re2<<elby  equation  A-6 


“RMS  '  j=  “ max  (or  e2  =  el  *  <K|'iatlon  A'8 


Assume  the  worst  case,  let  aRMg  =  ^=ttmaJ(  for  all  cases  except  =  1 
and  carry  out  the  calculations. 
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SURFACE  CURRENTS  IN  THIN  CONDUCTING  SHEETS 


P.  Magoulas,  Ph.D.,  B.Sc.  &  P.A.  Matthews,  Ph.D.,  B. Sc. (Eng.),  A.M.I.E.E. 

University  Col lege^ London. 

(1)  INTRODUCTION 

To  calculate  the  field  scattered  from  a  conducting  obstacle  in  an 
electromagnetic  field  the  current  distribution  in  the  obstacle  must  be 
known.  For  certain  shapes  of  obstacle  it  is  possible  to  solve  the 
field  equations  exactly  but  in  the  case  considered  here,  that  of  a 
thin  flat  conducting  sheet,  illuminated  edge  on  such  a  formal  solution 
cannot  be  set  up.  To  evaluate  the  fields,  the  current  distribution  on 
the  sheets  has  been  measured  and  expressions  have  been  derived  from 
which  these  distributions  may  be  calculated. 

The  measurements  of  the  surface  currents  were  carried  out  using  a 
magnetic  loop  probe  coupled  to  a  bridge  detector  for  measuring  rela¬ 
tive  amplitude  and  phase.  The  situation  of  the  sheets  relative  to  the 
incident  field  is  shown  in  Figure  la  The  incident  field  is  propa¬ 
gated  in  the  z  direction  with  the  electric  field  in  the  x  or  horizontal 
direction.  The  sheets  lie  in  the  xz  plane.  Three  types  of  sheet  are 
considered,  those  finite  in  both  the  x  and  z  directions,  those  finite 
in  the  z  direction  and  infinite  in  the  x  direction,  and  those  finite  in 
the  x  direction  and  semi-infinite  in  the  z  direction,  that  is  extending 
from  z  ■  0  to  too  .  Measurements  have  been  carried  out  on  rectangu¬ 
lar,  triangular  and  circular  sheets,  and  also  on  cylinders  which  have 
an  appreciable  thickness  in  the  y  direction. 

For  a  rectangular  sheet  currents  can  be  measured  parallel  to  the 
front  edge,  parallel  to  the  side  edge,  longitudinal  currents.  The 
currents  parallel  to  the  front  edge  may  be  divided  into  two  types, 
those  excited  in  the  front  edge  itself  which  attenuate  rapidly  along 
the  sheet  and  those  transverse  currents  excited  further  down  the  sheet 
which  act  as  a  travelling  wave  along  the  sheet. 

(2)  EXPERIMENTAL  APPARATUS 

The  measurements  were  carried  out  at  a  frequency  of  3000  Mc/s 
using  the  system  illustrated  in  Figure  l.b  .  A  Heil  tube  oscillator 
radiating  from  a  horn  was  used  to  illuminate  the  obstacle.  A  refer¬ 
ence  signal  is  taken  by  waveguide  from  the  oscillator  to  the  bridge 
for  measuring  amplitude  and  phase.  In  the  reference  arm  are  level 
setting  and  measuring  attenuators  and  phase  shifters.  A  signal  from 
the  magnetic  loop  probe  is  also  coupled  to  this  reference  arm.  The 
two  signals  are  mixed  in  a  crystal  mixer.  The  oscillator  is  modulated 
at  3  kc/s  and  the  mixer  output  is  taken  to  a  tuned  amplifier.  Mea¬ 
surements  are  carried  out  by  setting  the  position  of  the  probe  and 
then  adjusting  tho  calibrated  attenuator  and  phase  shift  to  give  a 
null  reading  on  the  output  amplifier  meter.  This  is  repeated  at  a 
number  of  points  to  plot  out  the  required  field  pattern. 
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The  apparatus  was  set  up  indoors  and  to  prevent  distortion  of  the 
field  by  reflection  from  neighbouring  objects  absorbent  screens  were 
set  up  around  the  region  in  which  the  measurements  were  carried  out. 

The  horn  was  situated  sufficiently  far  from  the  position  of  measure¬ 
ment  for  the  field  to  be  substantially  plane  in  that  region. 

To  measure  the  magnetic  field  alone  a  balanced  shielded  loop  was 
used.  This  is  illustrated  in  Figure  2. a  .  This  form  of  loop  has  the 
advantage  that  it  is  well  shielded  from  electric  fields  and  with  the 
gaps  in  the  outer  conductor  symmetrically  placed  in  the  vertical  arm 
of  the  loop  there  is  little  pick-up  from  the  horizontal  electric  field. 
The  dimensions  of  the  loop  are  small  compared  with  the  wavelength, 
having  horizontal  and  vertical  dimensions  of  2  mm.  by  3  mm.  II  such 
a  loop  is  held  imnediately  above  the  conducting  sheet  the  current 
induced  in  the  loop  is  proportional  to  the  field  through  the  loop 
and  hence  to  the  current  in  the  surface  flowing  in  the  direction  of 
the  plane  of  the  loop.  If  currents  are  induced  in  the  loop  due  to 
the  electric  field  they  are  in  phase  in  the  two  vertical  arms  of  the 
loop.  The  coaxial  lines  frcm  the  loop  are  coupled  into  a  waveguide 
transformer  at  points  X-/  apart  and  so  the  electric  field  does  not 
induce  any  net  field  *"  into  the  guide.  The  currents  set  up  by 

the  magnetic  field  are  180  out  of  phase  in  the  two  lines  and  when 
coupled  into  the  guide  set  up  a  wave  in  the  guide. 

The  efficiency  of  the  loop  as  a  detector  of  the  magnetic  field 
was  tested  by  making  measurements  on  obstacles  over  which  the  field 
distribution  could  be  calculated,  e.g.  cylinders  or  wires.  The 
results  of  such  a  test  are  shown  in  Figure  2.b  in  which  a  comparison 
is  made  with  the  measurements  of  Codis^and  with  calculated  curves. 

There  is  good  agreement  over  the  illuminated  side  of  the  cylinder. 
In  the  shadow  region  agreement  is  not  so  good.  It  is  thought  that 
this  may  be  due  to  the  presence  of  standing  waves  in  the  field  in  the 
region  of  the  cylinder. 


(3)  MEASUREMENTS  ON  RECTANGULAR  SHEETS 

3.1.  Front  Edge  Currents 

Measurements  were  made  of  the  current  along  the  front  edge  of 
sheets  and  in  wires  of  the  same  length.  These  results  are  shown  in 
Figures  3.®,b,c.  for  different  lengths  together  with  calculated 
values  of  the  field.  The  currents  measured  along  the  edge  are  similar 
in  form  to  that  in  wires  until  the  length  of  the  front  edge  is  2X.  At 
this  length  there  is  a  difference  in  that  the  current  is  zero  at  the 
centre  of  the  wire  but  on  the  sheet  it  still  has  a  value  only  half  that 
of  the  maximum. 
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Fig.  2.  Balanced  loop  and  measurement  on  cylinder. 
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Longitudinal  currents 


The  variation  in  longitudinal  current  was  measured  along  the  side 
of  a  sheet  12\  long  and  one  wavelength  wide  Figure  4a  .  The  field  is 
small  in  amplitude  near  the  front  edge  but  increases  in  amplitude  along 
the  sheet.  There  is  a  marked  standing  wave  pattern  along  the  sheet. 
When  the  sheet  is  terminated  with  an  absorbing  screen  the  standing  wave 
pattern  is  much  reduced  and  the  field  has  the  form  of  a  wave  travelling 
along  the  sheet.  Tins  is  confirmed  by  the  measurement  of  phase  (Figure 
4b  .  The  variation  of  the  longitudinal  field  across  the  sheet  is 
shown  in  Figure  4c  Theie  is  180  phase  change  between  the  currents 
along  one  edge  of  the  sheet  and  the  currents  along  the  opposite  edge. 


3-3-  Transverse  currents 


The  transverse  component  of  the  current  was  measured  along  the 
sides  and  centre  cf  the  sheet  and  the  results  of  this  measurement  are 
shown  in  Figure  Sg  Near  the  front  edge  there  is  a  large  current  in 
the  centre  and  little  current  at  the  edge,  whilst  at  a  point  along 
the  sheet  the  current  at  the  centre  falls  to  a  low  value  and  the  cur¬ 
rent  in  the  edge  increases.  Again  it  appears  that  a  travelling  wave 
is  set  up  along  the  sheet.  The  currents  in  the  front  and  back  edges 
are  similar  to  those  in  aerials.  The  variation  in  the  transverse 
component  of  the  current  measured  across  the  centre  of  the  sheet  is 
shown  in  Figure  5b  Again  there  is  180  phase  change  in  the  currents 
in  the  two  edges. 


From  these  measurements  it  seems  reasonable  to  consider  the  theo¬ 
retical  evaluation  of  these  currents  in  two  parts,  firstly  the  currents 
induced  in  the  front  edge  of  the  sheet  and  secondly  the  travelling 
waves  set  up  along  the  sheet. 


4.  cai,culat:on  of  the  front  edge  current  and  back  scattering  from  the 

FRONT  EDGE 

4.1.  Front  edge  current 

The  currents  in  the  front  edge  of  the  sheet  ha ve^ been  calculated 
following  the  variational  method  put  forward  by  Tai  for  cylindrical 
wires.  The  front  edge  of  the  sheet  is  shown  in  Figure  6  The 

current  is  induced  in  the  front  edge  of  the  sheet  by  the  incident 
field  E  .  It  is  assumed  that  the  current  can  be  regarded  as  a  current 
filumenV  I(x')  along  the  x  axis  in  the  plane  y  =  O  and  that  the 
current  is  scattered  aiong  the  edges  AD,  BC.  Then  for  a  point  x  on 
the  edge  the  distance  R  from  x  t ->  x '  is  given  by 
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Now  it  has  been  shown  that  the  field  is  related  to  the  current  I(x') 

by  the  relation 
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Multiplying  by  I(x)dx  and  integrating  from  -  to  +  X  and  then 

dividing  by 


gives 
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gives  a  quantity  S  which  is  stationary  with  respect  to  small  variation 
in  I(x)  about  the  correct  value.  From  a  given  trial  function  for  I(x) 
a  better  value  can  thus  be  obtained. 


On  the  front  edge  two  conditions  are  assumed: 

I ( x )  =  I(-  x) 

1(4.)  =  K-l )  =  o 

A  current  distribution  satisfying  these  conditions  is 


(?) 


Kx) 


I  (cos  kx  -  cos  kl  ) 
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(£) 


but  this  does  not  agree  with  the  non-zero  measured  value  of  the  current 
in  the  centre  of  a  sheet  4,  =  X,  i#e»  2X  wide  and  a  correction  term 
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may  be  added  where  the  constant  A  is  found  through  equation  (3^  •  P  is 
such  that  tat  ^  =  O  at  x  =  - 1  .  Thus 

9  k-x.  —  —  A  t_*r\^JS. 

■X.  P 

Putting  the  expression  into  equation  <£>  ,  and  putting  the  derivative 

of  this  with  respect  to  A  equal  to  zero  as  S  is  stationary,  an 
expression  for  A  may  ba  found.  This  may  be  expressed  as 

A  -  -ty.  q0-> 

y,  v  -  eYi  ,„■> 

where  the  expressions  are  those  given  in  the  thesis  and  which  may  be 
evaluated  in  terms  of  generalised  sine  and  cosine  integrals  which  are 
tabulated. 

When  the  complex  value  of  A  has  been  evaluated  the  current  dis¬ 
tributions  for  values  of  JL  from  0  to  X  may  be  calculated.  The  values 
of  h  are  given  in  Figure  7  .  For  values  of  t  )  ^  »  second  approxi¬ 
mation  must  be  made  as  the  first  approximation  again  gives  zero  cui  rent 
at  the  centre  which  does  not  agree  with  measurements.  The  actual  eva¬ 
luation  of  the  second  and  higher  approximations  becomes  increasingly 
tedious. 

The  values  of  current  in  amplitude  and  phase  calculated  by  thi3 
method  have  been  plotted  on  the  same  graphs  as  the  experimental  mea¬ 
surements  and  show  a  fair  agreement. 

4.2.  Back  Scattering  from  the  Front  Edge 

(*) 

The  scattering  cross-section  may  be  defined  following  King  as 

total  power  reradiated  from  scatterer  s.\ 

incident  Poynting  vector  at  scatterer  ' 

This  is  expressed  in  terms  of  the  incident  and  scattered  electric 
fields  as  /_ 


a  =  4rtff 


at  a  distance  R  from  the  scatterer. 

Both  Eg  and  may  be  expressed  in  terras  of  I(x)  and  S  to  give 


The  values  of  S  may  be  evaluated  from  the  calculated  current,  distribu¬ 
tions  and  hence  the  scattering  cross-section  of  the  front  edge.  This 
is  shown  in  Figure  6  and  is  compared  with  the  scattering  cross- 
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section  of  wires.  Attempts  to  measure  the  back  scattering  by  standing 
wave  methods  were  inconclusive  due  to  the  disturbance  of  the  field  by 
surrounding  objects. 


(5)  TRAVELLING  WAVES  ON  THE  SHEET 

5.1.  Surface  waves  on  elliptic  cylinders 

The  travelling  waves  on  the  sheet  will  be  analysed  by  considering 
them  as  the  limiting  case  of  surface  waves  on  elliptical  cylinders. 
Measurements  of  the  magnetic  field  above  the  surface  of  a  thin  sheet 
covered  with  dielectric  confirm  the  existence  of  surface  waves  whilst 
the  field  distributions  across  an  elliptic  cylinder  have  the  same 
form  a3  the  measured  distributions. 


An  elliptic  cylinder  of  finite  conductivity  can  support  both  E  and 
A  type  modes.  The  excitation  of  these  modes  is  illustrated  in  Figure 
9a.  In  (a)  the  incident  electric  field  is  in  the  direction  of  the 
major  axis.  At  points  on  the  surface  there  are  normal  and  tangential 
components  of  E  ar.d  H.  The  tangential  component  H  will  excite  TE  or 
H  type  waves  Ln  addition  to  TM  or  E  type  waves. 

For  the  E  wave  the  H^  components  on  the  upper  side  of  the  cylinder  are 
in  anti-phase  whilst  for  the  H  wave  the  components  of  are  in  phase. 

The  coordinate  system  of  the  elliptic  cylinder  is  shown  in  Figure 
9b.  For  an  incident  electric  field  in  the  x  or  0  =  0  direction 
analysis  of  the  surface  wave  fields  gives 
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Figure  9*  Analysis  of  the  incident  field  or.  an  elliptical 
cylinder  for  (a)  S  field  along  the  major  axis,  (b)  H 
field  along  the  major  axis,  and  (c)  coordinate  system 
on  elliptical  cylinder. 
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These  solutions  may  b*  combined  to  yivs  a  composite  E-H  wave. 


Meat uramsnt  a  on  sllipt.  i<:  cylinder*  ol  and  were  made  both 
across  the  cylinder  and  along  the  cylinder,  with  the  incident  E  field 
along  liter  major  axis.  These  measurement  a  art  shown  in  Figures 
10a,  b,  o,  d.  Tho  measurement*  show  that  a  composite  E-H  surface 
wave  l  laid  la  set  up  on  t  Iter  cylinder. 


T.2.  »ui face  Wave  Measurements  on  Rectangular  Sheets 

To  confine  tits  existence  of  surface  waves  of  both  E  and  H  type  over 
reitangnlat  sheets  the  form  of  decay  of  the  fiolds  above  the  surface 
lies  been  measured.  The  spread  of  tho  field  above  tho  surface  depends 
on  the  suifate  rest  fence  and  to  confine  tho  field  shoots  with  dielect¬ 
ric  costing  have  been  used  in  these  measurements.  The  decay  of  the 
field  was  measured  over  a  sliest  covered  with  1.25  cm.  of  distrene, 
whilst  the  II  component  was  measured  over  a  sheet  covered  with  a 
thickness  of4!  cm,  of  silicone  rubber.  Tho  measured  decajr  rates  are 
shown  In  Figures  Ua  and  lib,  Tito  fiolds  fell  off  an  o  ay  where  for 
tlie  H  componani  over  the  distrene  covered  sheet  a  ■  0.274/cm.  and  for 
the  II*  component  over  the  silicone  rubber  covered  sheet  a  «  0.92/cm. 


(h)  MACK  UCAmillNb  MOM  THE  MIKltT 

lh«  bach  *i  altering  cross-section  was  definod  in  equation  U* 

Ini  (Ini  whole  sheet  tills  lias  boon  calculated  us  tho  sum  of  two  contri¬ 
butions,  that  from  cm  lent*  lo  the  front  edge  and  that  from  the  cur- 
imita  on  th<>  am  lace  ol  the  sliest.  Moo  to  tho  finite  length  of  tho 
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sheet  there  are  travelling  waves  in  both  directions  on  the  sheet.  The 
wave  reflected  at  the  wave  end  and  travelling  back  towards  the  trans¬ 
mitter  can  contribute  towards  the  total  back  scattering  cro3s-section. 
As  in  the  case  of  the  front  edge  current  the  back  scattering  cross- 
section  is  calculated  from  the  scattered  field.  This  time  the  field  is 
due  to  the  currents  on  the  surface  of  the  sheet 

The  phase  change  along  the  sheet  is  given  by  as  the  backward 

travelling  wave  is  being  considered.  From  this  value  of  scattered 
field  the  power  flux  density  in  the  backwards  direction  can  be  cal¬ 
culated  and  the  corresponding  total  reradiated  power  if  the  power  flux 
density  is  assumed  constant  around  the  scatterer.  Then  the  back 
scattering  cross-section  can  be  calculated  from 

Equivalent  reradiated  power  /  \ 

0  ~  Incident  Poynting  vector 

As  both  parts  of  the  scattering  cross  section  are  evaluated  taking  the 
front  edge  as  reference  they  may  be  added  to  give  the  total  scattering 
cross-section. 

When  calculating  the  magnitude  of  the  currents  the  coupling  between 
the  incident  field  and  the  waves  on  the  sheet  must  be  known.  This  has 
been  found  experimentally  from  the  measured  amplitude  distribution  and 
from  the  measurements  of  Hey  and  Senior.  '  Taking  the  measured  values 
for  a  sheet  6.7\  long  the  constant  B, Coupling  factor,  can  be  found. 

In  practice  this  value  is  not  constant  for  short  lengths  of  sheet  as 
the  current  takes  a  few  wavelengths  to  build  up  to  a  steady  value  and 
for  short  lengths  values  of  B(L)  appropriate  to  the  length  of  3heet 
may  be  derived  from  the  measured  amplitude  distribution.  However  from 
the  one  pair  of  experimental  measurements  the  scattering  cross  section 
can  be  derived  for  other  lengths  of  sheet  as  is  shown  in  Figure  12 


(7)  CONCLUSION 

The  measurements  made  have  shown  that  the  currents  on  rectangular 
sheets  can  be  considered  in  two  parts,  the  front  edge  currents  and 
currents  due  to  travelling  waves  on  the  sheet.  These  travelling  waves 
can  have  the  form  of  surface  waves  and  the  theoretical  work  on  elliptic 
cylinders  shows  the  current  distribution  to  be  expected  on  flat  sheets. 
From  the  measured  values  of  current  the  effective  back  scattering 
cross-section  of  sheets  of  various  lengths  can  be  calculated. 
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Fig.  12.  Rack  scattering  cross-section  of  metal  plates 
derived  theoretically. 
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INTRODUCTION 

During  the  months  of  June  and  July,  19^3>  Conductron  Corporation 
performed  radar  reflectivity  measurements  on  a  full-scale  Echo  II 
balloon  at  the  main  dirigible  hangar,  Lakehurst  Naval  Station.  The 
problems  connected  with  efficiently  instrumenting  for  CW  measurements 
in  a  near  zone  situation  and  the  treatment  of  the  data  were  unique  and 
in  this  paper,  we  briefly  describe  the  measures  taken. 

DESCRIPTION  OF  MEASUREMENT  PROCEDURE 

A  scaffold,  48  feet  high,  was  erected  in  the  Lakehurst  NAS  main 
dirigible  hangar.  Upon  this  scaffold  was  constructed  a  wooden  track, 

86  feet  in  length.  The  track  formed  a  circular  arc,  100  feet  from  the 
surface  of  the  balloon,  which  when  inflated,  had  a  radius  of  67.5  feet. 

The  angle  subtended  by  the  arc  was  30°.  Figure  1  illustrates  the  rela¬ 
tive  position  of  the  inflated  balloon,  the  scaffolding,  and  the  hangar 
interior.  Figure  2  illustrates  the  plan  view  of  the  relative  positions 
of  the  balloon  and  the  scaffolding.  At  either  end  of  the  track  was 
located  two  standard  gain  horn  antennas,  one  L-band  and  one  C-^and. 

They  were  mounted  back  to  back  so  that  by  a  rotation,  either  one  could 
be  made  to  point  at  the  balloon,  aligned  along  the  balloon  radius.  These 
horns  were  the  transmitting  antennas,  being  connected,  respectively,  to 
a  1.71  KMC  and  a  C-Band  CW  source.  The  sources  were  located  on  a  plat¬ 
form  mounted  just  beneath  the  track.  A  small  wooden  cart  was  constructed 
to  move  along  the  track.  On  the  cart,  similarly  to  the  transmitting  horns, 
were  mounted  a  third  pair  of  horns.  These  served  as  receiving  antennas, 
and  were  connected  to  a  Scientific  Atlanta  receiver,  located  on  the  deck 
of  the  hangar.  The  coordinated  of  the  recorder  chart  were  db  vs.  angle. 

The  cart  was  motor  driven,  and  its  position  on  the  track  was  synchronized 
to  the  motion  of  the  recorder  chart,  so  that  the  angular  position  of  the 
cart  could  be  made  to1  coincide  with  the  recorded  position  on  the  chart. 

The  cable  from  the  receiving  antenna  to  the  receiver  was  slung  so  that 
constant  cable  length  could  be  maintained,  independently  of  cart  posi¬ 
tion.  Figure  3  is  a  sketch  of  the  physical  arrangements. 

Switching  was  provided  so  that  all  changes  of  electrical  connections 
and  positioning  uf  the  receiver  cart  could  be  controlled  from  a  console 
which  was  constructed  and  located  adjacent  to  the  receiver.  Rotation  of 
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the  horns  was  performed  by  technicians  who  were  located  at  eitner  end  of 
the  track.  Tuning  and  monitoring  of  the  RF  sources  was  performed  by  a 
technician  located  on  the  source  platform.  The  mounting  of  the  horns 
was  constructed  so  that  axial  rotation  could  be  performed,  permitting 
change  of  polarization. 

One  hundred  feet  from  the  scaffold  and  on  the  opposite  side  from  the 
balloon,  a  tower  was  erected,  atop  of  which  was  placed  a  flat  calibration 
plate  whose  position  could  be  remotely  controlled  and  synchronized.  During 
calibration  runs  the  horns  were  aligned  in  the  direction  of  the  flat  plate. 
Calibrations  were  performed  at  5.85  and  at  I.71  KMC.  Prior  to  a  test 
sequence,  the  C-Band  horns  were  aligned  in  the  direction  of  the  flat  plate, 
with  the  receiver  cart  adjacent  to  the  left  transmitting  horn.  All  horns 
were  at  vertical  polarization.  The  5*^5  source  was  connected  to  the  left 
transmitting  horn,  the  flat  plate  rotated,  and  a  flat  plate  pattern  run 
off  on  the  recording  paper.  The  voltage  source  was  then  connected  to  the 
receiver  through  an  attenuator  and  adjusted  so  that  the  receiver  pen  coin¬ 
cided  with  the  flat  plate  maximum.  A  straight  line  pattern,  using  this 
attenuator  setting  was  run.  The  right  transmitter  was  then  connected,  a 
new  flat  plate  pattern  recorded,  and  its  maximum  compared  to  the  straight 
line  pattern.  The  attenuator  setting  was  then  readjusted  so  as  to  lie 
midway  between  the  two  flat  plate  maximum.  This  adjustment  was  maintained 
throughout  the  test  sequence,  and  used  as  the  calibration  level  of  mea¬ 
surements  at  5.85  and  p.65  KMC.  Its  nominal  value  at  5-65  was  obtained 
by  computation.  The  L-Band  system  was  similarly  calibrated.  At  the 
conclusion  of  a  test  sequence,  the  stability  of  the  source  was  tested 
against  a  flat  plate  run.  For  no  test  sequence  was  there  observed  a 
change  in  the  calibration  level. 

A  test  sequence  was  performed  in  the  following  steps: 

1.  Upon  being  notified  by  the  test  director  that  the  balloon  had 
been  inflated  to  a  given  pressure  level,  which  was  to  be  maintained 
throughout  the  test  sequence,  the  L-Band  system  was  connected  and  the 
horns,  all  polarized  vertically,  were  aligned  on  the  balloon,  the 
receiver  cart  adjacent  to  the  right  transmitter. 

2.  The  right  transmitter  was  connected,  and  the  cart  moved  to  the 
left,  the  signal  level  being  recorded. 

3.  When  the  receiving  horn  reached  the  left  most  position,  the 
left  transmitter  was  connected,  and  the  receiving  horn  run  to  the  right. 
Simultaneously  the  right  transmitter  was  rotated  to  horizontal  polari¬ 
zation. 

4.  Upon  reaching  the  right  most  position,  the  right  transmitter 
was  connected,  the  receiver  run  to  the  left,  and  the  left  transmitter 
rotated  to  horizontal. 
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5.  Upon  reaching  the  left  most  position,  the  left  transmitter  was 
connected  and  the  cart  run  to  the  right. 

6.  I'pon  reaching  the  right  most  position,  the  receiving  horn  was 
rotated  to  horizontal,  the  right  transmitter  connected,  and  the  cart  run 
to  the  left. 

7*  Upon  reaching  the  left  most  position,  the  left  transmitter  was 
connected,  and  the  cart  run  to  the  right. 

8.  The  recording  paper  was  then  calibrated  with  the  secondary  stand¬ 
ard. 

These  steps  were  then  repeated  for  5-65  and  5-85  KMC.  In  this  fashion, 
at  each  frequency,  patterns  were  obtained,  which  for  simplicity,  were  suc¬ 
cessively  labeled  in  the  following  manner: 


TRANSMIT  RIGHT  W 

TRANSMIT  LEFT  W 

TRANSMIT  RIGHT  HV 

TRANSMIT  LEFT  HV 

TRANSMIT  RIGHT  HH 

TRANSMIT  LEFT  HH 


For  any  transmit  position,  the  bistatic  angle  increased  from  0  to  3°°* 

The  "specular"  angle,  defined  as  the  bisector  of  the  bistatic  angle,  in¬ 
creased  from  0  to  15  •  If  the  specular  angle  were  redefined  to  be  the 
angular  position  on  the  balloon  corresponding  to  the  specular  ray,  let¬ 
ting,  for  convenience,  the  right  most  position  correspond  to  0  ,  then  for 
TRANSMIT  RIGHT,  the  specular  angle  increased  from  0°  to  15°,  and  for 
TRANSMIT  LEFT,  it  decreased  from  30  to  15°. 

The  ballgon  was  constructed  of  adjacent  gores,  each  subtending  an  o 
angle  of  180  /53  ~  3*1*  •  The  sector  of  the  balloon  corresponding  to  0  - 

15  contained  two  adjacent  reinforced  gores;  therefore,  the  patterns  cor¬ 
responding  to  TRANSMIT  RIGHT  represent  a  specular  angle  which  passes  over 
the  reinforced  gores,  and  those  corresponding  to  TRANSMIT  LEFT,  a  specular 
angle  which  does  not  pass  over  the  reinforced  gores. 

BACKGROUND  LEVELS 

The  r^dar  cross-section  of  a  conducting  sphere,  67-5  feet  in  diameter, 
is  1335  m  ,  or  31*2  db  >  m^.  Following  usual  practice  in  cross-section 
measurements,  it  was  felt  that  to  validate  the  measurements,  the  back¬ 
ground  levels  must  be  maintained  at  least  10  db  and  preferably  20  db  below 
this  nominal  value.  The  antennas  being  located  167-5  feet  from  the  center 
of  the  67.5  foot  (radius)  balloon,  the  balloon  subtended  an  angle  of  bh° 
of  the  antenna  beam.  Antenna  patterns  of  the  standard  gain  horns  were 


measured  at  the  Conduotron  Rang  a .  At  22°,  Ibe  poorest  of  the  horns  ( f  n 
tarma  of  baamwidth)  bad  a  power  gain  of  -  1?  db  relative  to  It  a  peak. 
Therefore,  any  power  i ad  la ted  paat  tlia  balloon  and  reflected  fruit  the  bark 
wall  of  tlia  hangar  wee,  automatically,  12  db  below  the  specularly  reflected 
power.  Tito  background  levels  in  the  hangar  were  found,  prior  to  balloon 
Inflation,  by  mounting  a  tranamlt ter  on  a  crane,  and  tranaeiltllng  from  the 
nominal  location  of  the  center  of  the  balloon.  Receiving  antennae  ware 
alno  mounted  on  cranea  and  moved  along  the  planned  position  of  the  receiver 
track.  Tim  data  waa  calibrated  and  the  algnal  power  received  wae  found  to 
bo  20  to  3b  db  below  the  nominal  return  from  the  balloon. 

A  more  aerloua  background  effect  wae  direct  uruae-couplitig  between  the 
tranamittlng  and  raoalving  antenna.  In  preliminary  tesla.  there  wae  euper- 
impoeed  upon  the  croee-aaclinn  patterii  a  einueoidal  oecillation  vdilch 
docreaaed  sa  the  blatatlc  angle  increased.  Thle  n»>  illation  occurred  in 
both  frequency  bande.  Hie  neilud  uf  the  oscillation  wae  conei  at  ant  with 
aide  lobe  coupling,  aline  the  mealrw  and  minima  occurred  Wlien  tbe  antenna 
eeparatlon  wee  auch  that  poatulated  aideiobaa  would  be.  reaped Ively,  In 
and  out  of  phaae.  In  any  event,  dielectric  abaorbei  afieete  we/e  placed 
nnxl  to  Ihe  tranamittlng  antennae,  shielding  thorn  from  the  receiving  anten¬ 
nas.  The  result  was  to  eliminate  completely  the  apparent  coupling  a<  <.* 
Rand,  and  to  reduce  tt  to  a  maximum  of  J.J.  db  at  f<-ii«ml •  It  waa  not  felt 
that  this  last  real  dual  coupling  compromised  the  da' a  becauae  It  waa 
clearly  iilent  i fl able,  and  could  be  taken  Into  account  in  the  analysis  and 
reduction  task. 

DATA  CORRECTION 


Lavii  cel  il.taitun  tn.itatalau  « .  f  fuu.  m**n*ii.Vni"i#i.t  a .  A»  lint  »•«.  Mwvvfc,  m 

secondary  source  was  adjusted  (o  J.iuate  the  receiver  pun  aiidway  between 
two  flat  plale  maxima  before  each  teat  aerioa  and  cumpaied  to  two  flat 
pints  maxima  after  each  teat  aerie* ,  Using  all  of  the  cal  (brat  Iona  ao 
obtained,  tbe  mionii  calibration  level  at  h  Rand  waa  ?>>/  db  and  y..Y  db 
at  C-Rand.  At  both  bands,  the  standard  deviation  was  Ivaa  than  )/?  db. 


bucouse  the  niitnnnaa  were  located  In  the  neat  gone  uf  the  balloon,  It 
was  noceeasr/  to  apply  Die  n*>«i  none  collection  to  the  data.  In  th«  next 
section,  the  derivation  of  the  n*ai  Rone  correct  I  mi  for  a  aphere  la  de¬ 
rived.  Taking  into  account  the  fad  Dial  the  blateilc  angle  Is  leas 
than  jo",  the  formula  ()•')  <»f  the  neat  ee^tluii  a!. owe  that  the  maaaured 
magnitude  of  the  biatst kelly  scattered  field  Is 


whore  E  is  the  magnitude  of  the  incldenl  field,  a 
sphere, uund  r  la  Ihu  distance  of  the  anlennaa  fiom 
If  'lie  magnitude  of  the  fluid  backseat  lured  by  the 
i;H,  then 


la  the  radlua  of  the 
1  he  cunt  oi  of  Dm  aphai  e 
cal Ihrst  Ion  plat  «,  la 


r,(c)  - - L- 

a/  l*n  (r  - 

(L,S 

whore  a  It  t It o  ert>»* 
menmred  croaa  aid  ion  a 


•action  of  tluj  calibration  plato. 

j  H 


But  then,  the 


Hiua,  the  trim  croaa  aectioti,  naL,  id 


(rh) 


1 


for  i  ■  lb'/.;#,  r  -  a  ■  J.UO 

”  (  rh: )  °(") 


(I  .Clf  >>, 


Of 


r’  (|||)  ,  _ 

n«  up''  •«  I1.5  dli. 


Thua.  tlm  flu  Id  itiondiirmj  it  odd  aodJoh  muat  bo  lncrouaod  by  b.p  db 

ili 


to  obtain  tlm  true  ci‘ o»a  dcc’.loli. 


'Hid  antaiiim  taper,  previous  I y  muni  toned  Jn  conned  Ion  v/fth  background 
1  wv«< I  d  hud  an  yflWt  1  ij s « *1 1  tlm  d«1o.  At  tlm  maximum  bldtntlc  anglo,  that 
pint  of  1  lm  Im)  loon  which  id  modi  aignf  J'Jcmit  for  acatloriug,  i.o.,  that 
pm  I  in  Ihu  iii'Jgliboiliood  u  I  tin#  blr.1iiilc  aiiglq  lit  doctor,  ie  at  the  9»t? 
point  of  tlm  antenna  pal torn,  with  n  conaeipimit  powor  load,  The  roeulting 
d»i d  wot  1  out  ion  id  1 


1  5  db,  ul  b -blind,  li'u  i/oiii  nl  iMiliirlziil  ion, 

♦  'i,'t  dli,  nl  I. •bniid,  verticil)  polarization, 

1  ^  db,  nl  C -blind,  horizontal  polar) /.at  Ion,  mid 

t  ii  db,  nt  C- bund,  vorUcni  polurJzijI ion. 

Hindu  correction*  mudt  lie  #i|iji]i«ii)  to  tlm  mniiaiirnd  crods  auction  nl  bistatic 
nny  Ion  of  y/'»  I  ui  )i!Mn#r  blatalic  angina,  wg  i ntorjiolut  od  linearly. 

Hi.Ait-zoNi;  nifiiAiu:  hca'iti;kin<#  ny  a 


'Him  1 1  lull  iYuuimnry  imoi -zoiin  bldtulic  acatturlng  by  a  perfectly  con- 
din  liny  n|iliniii,  fin  11  incwivij#  in  1  |m  J )  linn  1 1111  tod  region  in  considered. 

1 .1/  liirgn  vi*  1  ini*  ul  hi,  wlmi'ii  k  id  the  trim  apery  wnvn  number  mid  a  in  the 
I  ml  (tt<*  ul  tlin  M|ihni  o,  lint  iloml  nniii  contribution  coiiina  i’l'oin  lln:  region  of 
tlin  »(.»•!  11 1  /i  1  1 10 1  til  w  1 1 1 1  tlin  dl  1 1  ice  t  od  i  1 11  Id  lining  inn  I|jn1  flcunl .  In  pur- 
tli  uloi,  lui  tli"  |niini'iit  ciidii  kn  id  tlin  oiibu  of  1!  y.  Id  .  Tlin  ncur  zone 
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bistatic  field  can  be  obtained  using  the  Kline-Luneberg  asymptotic  expan¬ 
sion,  for  which  the  analysis  was  worked  out  by  Schensted1  for  plane  wave 
incidence  on  bodies  of  revolution. 

Bistatic  Scattering  for  Plane  Wave  Incidence 

Let  a  plane  wave  travel  in  the  direction  of  the  positive  z-axis 
and  polarized  in  the  x  direction.  Consider  a  sphere  of  radius  a,  whose 
illuminated  portion  of  the  surface  is  given  by 

z  =  f(p)  =  a  - J  a2  -  p2  (l) 

where 

/  2  T 

p  =  W  x  +  y 

The  scattered  field  has  the  form 

Es  .  elks  Y  E.  (2) 

n=0 

For  the  case  on  hand,  only  the  first  term  given  by  n  =  0  need  be  consider¬ 
ed,  since  the  remainder  of  the  expression  is  the  order  of  l/(ka).  The 
phase  factor  s  is  the  distance  along  the  incident  ray  from  the  z  =  0  plane 
to  the  specular  point,  plus  the  distance  along  the  scattered  ray  from  the 
specular  point  to  observer.  See  Figure  4;  s  is  the  distance  AB  +  BP.  The 
leading  term  of  expression  (2)  has  the  form 

Eo-(  FIT  )  (-  cos  0  p  +  sin  0  $)  (3) 

'  P  0  y 

where  for  the  observation  point  P,  p  is  the  distance  of  the  specular 
point  B  from  the  z-axis.  If  the  bistatic  angle  ABP  is  defined  to  be  2a, 
then  we  have 


p  =  a  sin  a.  (4) 

The  angle  0  associated  with  the  position  of  the  observer  P  is  the  angle 
between  the  y  =  0  plane  and  the  plane  containing  the  point  P  and  the  z- 
axis.  The  values  of  h  and  hu  can  be  found  on  using  Equations  1,  4  and 
reference  1  to  have  thi  form  ^ 

i»  =  i*  iHyh 

(5) 

h^  =  a  sin  a  [l  +  —  cos  a] 
j v  a 

where  s  is  the  distance  BP.  The  vectors  ^  and  p  have  the  form 
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(6) 


'  A  ^ 

0  =  -  sin  0  i  +  cos  0  i 

-  -x  -y 


p  =  cos  2a 


[cos  0  _i  + 


sin  0  l  )  +  sin  2a  i 
^  -y  — z 


To  complete  the  picture  we  need  to  find  s  in  terms  of  the  angle  a  and  the 
distance  r  of  the  observer  from  the  center  of  the  sphere.  It  is  seen  from 
Figure  h,  that 


_ s _  _  a _ 

sin  (0  -  a)  ~  sin  (2a  -  0 ) 


8  in  a 

Solving  the  last  two  equations  for  6  -  a,  we  have  obtained 

V 

thus  giving 


cos  a  +  ^  l  -  sin  a 


-  cos  a  + 


.  2 

sin  a 


Hence  combining  the  above  results  we  obtain 


(7) 

(8) 

(9) 


Relationship  Between  Near-Zone  and  Far-Zone  Results 

Let  a  transmitter  be  located  at  point  T  (Figure  5)*  We  shall 
assume  that  it  is  sufficiently  far  away  from  the  sphere  so  that  the  specu¬ 
lar  region  lies  in  the  far-zone  of  the  antenna.  In  addition  we  shall 
first  assume  that  locally  in  the  region  about  thg  specular  point  the  Inci¬ 
dent  wave  can  be  treated  as  a  plane  wave.  Let  E°  7  be  the  electric 
intensity  of  the  incident  radiation  at  the  specularpoint. 

The  scattered  field  in  the  near  zone  and  far  zone  will  be  given  in 
Table  I,  for  the  following  two  polarizations.  Specifically  we  shall  con¬ 
sider  vertical  and  horizontal  polarization,  where  the  incident  radiation 
is  respectively  polarized  perpendicular  and  parallel  to  the  plane  formed 
by  the  transmitter,  the  receiver  (previously  called  the  observer)  and  the 
center  of  the  sphere.  The  scattered  field  for  the  horizontal  and  vertical 
polarization  cases  are  found  by  setting  0=0,  and  0  ■  «/ 2  respectively 
in  Equations  (3)  and  (6). 
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Figure  5  Biatatic  Geometry 


T  «  transmitter 
P  *  rocelver 
2a  «  bistatic  angle 


As  seen  from  Table  I,  there  are  no  cross-polarization  terms.  This 
is  because  the  cross-polarization  terms  occur  in  the  terms  of  the  series 
(Equation  2)  which  have  been  neglected,  and  are  of  lower  order  by  a  fac¬ 
tor  5  x  10“  .  The  angle  2d  is  the  far-zone  bistatic  angle.  To  extrapo¬ 
late  far  zone  results  from  near  zone  results  this  angle  must  be  fixed. 

We  next  come  to  the  question  of  changing  the  assumption  of  plane  wave 
incidence.  A  more  accurate  assumption  with  the  transmitter  at  a  finite 
distance  from  the  sphere  is  to  treat  the  incidence  wave  in  the  neighborhood 
of  the  specular  point  as  a  spherical  wave.  The  main  effect  of  this  is  to 
change  the  factor  D(0)/D(s)  given  by  Equation  (10).  For  simplicity  we 
will  take  transmitter  and  receiver  to  be  the  same  distance  r  from  the 
center  of„the  sphere.  The  "divergence  factor "  D(0)/D('s)  can  be  obtained 

from  Fock  . 


4  D(0)/D(s)  =~  { 


cos  a 


a  2 

M( —  sin  a  +  cos  a  M) 


(11) 


with  M 


=4 1  -  (f sin  a)2 


Thus  if  a  spherical  wave  is  assumed  incident,  then  Table  I  must  be 
modified  in  that  the  near  field  magnitude  (the  second  column)  must  be 
replaced  by 
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APPLICATION  OF  SURFACE  FIELD  MEASUREMENTS 
TO  RADAR  CROSS  SECTION  STUDIES 

T.  B.  A.  Senior 

Radiation  Laboratory,  The  University  of  Michigan 
Ann  Arbor,  Michigan 


Introduction 

When  an  electromagnetic  wave  is  incident  upon  a  body,  a  surface  distri¬ 
bution  of  fields  or  currents  is  set  up  which  then  radiates  to  produce  the  scattered 
field.  In  some  senses,  therefore,  the  surface  field  is  more  fundamental  than 
the  scattered  field;  the  latter  is  given  in  terms  of  the  former  by  an  integral  which 
is  relatively  simple  in  the  far  zone,  and  consequently,  for  a  given  direction  of 
incidence  the  complete  (monostatic  and  bistatic)  field  can  be  derived  from  the 
surface  field  by  quadratures.  On  the  other  hand,  the  reverse  procedure  is  not 
quite  so  straightforward. 

The  surface  field  is  the  natural  product  of  most  integral  equation  methods 
for  the  solution  of  diffraction  problems,  and  since  it  is  usually  more  sensitive 
to  minor  shape  (and  material)  perturbations  than  is  the  scattered  field,  it  pro¬ 
vides  a  stringent  check  on  those  approximate  techniques  which  are  our  only  way 
of  treating  all  but  the  simplest  shapes  of  body.  In  addition,  however,  it  has  con¬ 
siderable  practical  importance  in  itself,  even  when  the  ultimate  objective  is  the 
determination  of  the  scattered  field.  Many  of  today's  problems  in  the  radar 
cross  section  area  are  concerned  with  the  reduction  or  enhancement  of  the  field 
at  large  distances  by  modifications  to  the  shape  an^for  material  of  the  scattering 
object,  and  in  cases  where  the  field  is  not  dominated  by  specular  reflections,  a 
detailed  knowledge  of  the  surface  field  and  of  how  it  is  excited  is  an  almost 
essential  prerequisite  to  any  scientific  attempt  at  cross  section  control.  It  is 
certainly  essential  if  near-optimum  results  are  to  be  achieved. 

During  the  last  two  years  the  Radiation  Laboratory  has  given  increased 
attention  to  the  study  of  surface  fields  on  selected  shapes  by  extensions  of  the 
more  standard  theoretical  methods  Involving  physical  optics,  creeping  waves, 
etc.  and  by  direct  measurement  of  the  currents  using  probes.  The  latter  approach 
has  proved  extremely  valuable  in  these  investigations,  and  is  already  filling  a 
vital  role  in  improving  our  theoretical  tools  for  the  prediction  of  scattering 
patterns.  With  its  aid  it  is  a  relatively  simple  matter  to  discover  the  direct 
effect  of  minor  modifications  to  the  shape  of  a  body,  and  it  is  expected  to  prove 
even  more  important  in  later  applications  to  absorbing  coatings.  It  may  there¬ 
fore  be  appropriate  to  describe  the  experimental  facility  as  it  exists  at  the 
moment,  and  mention  some  of  the  measurements  which  have  been  made. 
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Historical  Survey 

The  use  of  probes  to  determine  the  fields  excited  on  the  surface  of  a  con¬ 
ducting  object  is  by  no  means  new.  As  early  as  1938  it  was  employed  by  Pippel 
and  Baemer^to  measure  the  currents  induced  by  radio  antennas  on  an  aircraft 
structure,  and  similar  work  was  carried  out  by  Granger  and  Altman4  and 
Granger  and  Morita8  soon  after  World  War  n.  Since  1948  it  has  been  widely 
exploited  by  the  Cruft  Laboratory  of  Harvard  University  and  many  of  the  im¬ 
provements  in  probe  design  originated  there.  Reynolds^  and  Dunn8  studied 
different  forms  of  detection  probes  and  measured  the  fields  on  flat  conducting 
plates,  and  the  latter  author  also  considered  the  effect  of  elliptical  polarization 
on  loop  systems.  An  extensive  analysis  of  loop  antennas  was  later  published 
by  King®  and  still  more  recently  Whiteside’?  has  examined  the  response  of  dif¬ 
ferent  types  of  probe  to  electromagnetic  fields.  The  information  provided  by 
this  last  author  is  probably  sufficient  to  design  and  construct  any  probe  necessary 
for  a  surface  field  measurement. 

One  of  the  most  difficult  problems  with  a  probe  technique  is  to  a,-oid  stray 
pick-up  in  the  wires  leading  from  the  probe  to  the  detector,  and  if  these  wires 
are  kept  short  the  possibility  of  reflections  from  the  associated  equipment  is 
introduced.  An  attractive  way  of  avoiding  both  these  problems  1b  to  use  a  ground 
plane  and  to  cut  a  slot  in  the  body  along  the  trajectory  to  be  followed  by  the  probe. 
The  latter  is  now  below  the  surface  and  the  lead  wires  can  be  taken  from  the 
inside  of  the  body  through  the  ground  plane  to  the  detector  hidden  underneath. 

This  method  was  used  by  Morita8  to  study  linear  antenna  elements  and  a  slight 
variation  upon  it  was  employed  by  Ribblet9in  his  work  on  the  ’infinite'  circular 
cylinder  and  the  parabolic  reflector.  Another  application  of  the  ground  plane 
system  was  by  Wetzel  and  Brick19  whose  measurements  of  the  suriace  field  on 
the  shadow  portion  of  an  elliptic  cylinder  confirmed  the  accuracy  of  the  creeping 
wave  approximation,  but  for  two  dimensional  objects  the  parallel  plate  system 
becomes  appropriate,  and  this  was  employed  by  Row11  and,  later,  by  Plonsey12. 

The  obvious  disadvantages  of  all  these  systems  are  the  necessary  restric¬ 
tions  on  shape  of  body,  direction  of  Incidence  and  polarization,  and  none  of  them 
are  consistent  with  a  routine  type  of  measurement  which  would  assist  in  the 
analysis  of  scattering  from  'practical'  (and  almost  inevitably  complex)  shapes. 
One  of  the  few  attempts  to  measure  surface  fields  directly  was  the  limited  in¬ 
vestigation  of  flat  plates  at  glancing  incidence  by  Hey  and  Senior18.  In  some 
respects  the  present  Radiation  Laboratory  work  is  a  natural  outgrowth  of  this, 
and  perhaps  the  major  accomplishment  is  the  demonstration  that  surface  fields  • 
on  three  dimensional  objects  can  be  measured  under  reasonably  wide  circum¬ 
stances,  and  with  a  sufficient  degree  of  accuracy  to  be  of  help  in  studies  of 
scattering  phenomena. 
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Experimental  Facility 

The  facility  is  housed  in  a  room  13  \[Z  ft  wide  and  100  ft  long  but  the  entire 
operation  is  confined  to  a  region  25  ft  in  length.  The  model  to  be  measured  is 
mounted  on  a  styrofoam  pedestal  just  in  front  of  a  shaped  absorbing  screen 
composed  of  high  performance  absorbing  materials,  and  shielding  the  traversing 
mechanism  for  the  probe. 

The  choice  of  frequencies  has  been  influenced  by  two  factors;  the  desire 
to  measure  models  whose  dimensions  are  comparable  or  larger  than  a  wave¬ 
length,  and  the  necessity  of  having  probes  very  small  in  comparison  with  the 
wavelength  if  they  are  not  to  disturb  the  field  unduly.  The  first  of  these  forces 
one  to  the  higher  frequencies  if  the  models  are  to  be  of  reasonable  physical 
dimensions  and  this  in  turn  reduces  the  size  of  the  probe.  Ultimately  the  limit 
is  provided  by  the  difficulties  of  construction  and  handling  of  probes  only  a  few 
mm  in  dimension,  as  well  as  by  the  accuracy  of  positioning,  and  all  of  our 
measurements  so  far  have  been  carried  out  at  L-  and  S-band  frequencies.  It  is 
hoped  to  add  a  C-band  capability  at  a  later  date. 

The  type  of  probe  depends  in  part  on  the  field  component  to  be  measured. 

A  variety  of  different  types  have  been  investigated  including  a  diode  loop,  two 
diodes  forming  a  balanced  dipole,  and  a  simple  shielded  loop.  This  last  has 
proved  convenient  for  most  of  our  measurements,  and  several  versions  have 
been  constructed  differing  only  in  size.  The  latest  has  a  loop  3  mm  in  outside 
diameter,  which  is  probably  somewhat  smaller  than  the  optimum  for  S-band. 

This  is  connected  to  a  piece  of  rigid  coaxial  line  (Coaxitube,  manufactured  by 
the  Precision  Tube  Company)  of  outer  diameter  0.03  in. ,  with  inner  conductor 
of  diameter  0.01  in.  and  glass  wrap  insulation.  Because  of  the  relatively  high 
loss  in  a  line  of  such  small  dimensions,  only  a  6  in.  length  is  used  and  this  is 
attached  to  a  12  in.  length  of  larger  (0.085  in.)  diameter  Coaxitube.  These 
constitute  the  support  mechanism  for  the  probe.  They  are  maintained  in  a 
vertical  position  perpendicular  to  the  incident  field  polarization,  and  coupled 
at  the  upper  end  to  a  horizontal  coaxial  line  which  is  coated  to  reduce  surface 
wave  effects.  This  last  rests  on  a  styrofoam  beam  and  passes  over  the  center 
of  the  absorbing  screen  to  a  vertical  tower  mounted  on  the  probe  positioner. 

The  general  arrangement  can  be  seen  from  Fig.  1. 

The  mechanism  for  positioning  the  probe  consists  of  two  coupled  horizontal 
motion  lead-screw  carriages  operating  at  right  angles  to  one  another,  and  an 
associated  elevating  device.  The  coverage  in  the  horizontal  plane  is  15  cm  by 
36  cm  ,  and  the  latter  dimension  therefore  represents  the  maximum  length  of 
model  that  can  be  traversed  without  repositioning  on  the  pedestal.  With  this 
system  the  probe  can  be  located  within  0.2  mm  of  its  intended  position  In  a 
horizontal  plane,  but  since  the  vertical  alignment  is  not  quite  as  accurate  due 
to  mechanical  oscillations,  the  probe  is  usually  placed  in  physical  contact  with 
the  model.  To  ensure  that  nc  conduction  currents  will  flow  in  this  situation. 


207 


FIG.  1;  FACILITY 


a  bead  of  epoxy  resin  is  placed  at  the  gap  in  the  loop  and  filed  down  on  the  lower 
surface  to  leave  a  film  a  few  mils  in  thickness. 

The  illumination  is  from  a  standard  gain  horn,  and  to  cut  down  room  ref¬ 
lections  attributable  to  the  side  lobes,  an  absorbing  tunnel  24  in.  in  length  has 
been  attached  to  the  horn  aperture.  The  distance  to  the  center  of  the  model  is 
about  3. 5  m,  which  is  not  sufficient  to  provide  uniform  excitation  over  the  full 
length  of  some  of  the  models  tliat  have  been  studied,  and  for  the  sphere  discussed 
in  the  next  section  the  incident  field  taper  is  theoretically  0.7db  and  has  been 
measured  as  such.  The  effect  can  be  seen  in  the  data,  but  to  increase  the  range 
would  decrease  still  further  the  level  of  the  signal  fed  to  the  receiver.  At  S- 
band  this  is  already  80 db  below  a  milliwatt.  The  transmitted  power  is  here  some 
300  milliwatts,  produced  by  a  klystron  tube  modulated  at  1  Kc.  The  receiver 
was  constructed  in  the  Laboratory  from  low  noise  components  and  has  an  overall 
noise  level  100  db  below  a  milliwatt.  A  block  diagram  of  the  S-band  equipment 
is  shown  in  Fig.  2. 

Data 


In  the  year  that  this  equipment  has  been  in  operation  a  variety  of  models 
has  been  investigated,  and  included  amongst  these  are  (i)  thin  wires  of  up  to 
3Ain  length  at  end-on  and  near  end-on  incidence,  (ii)  flat  plates  at  glancing 
incidence,  (iii)  thin  cylinders  for  over  30  different  lengths  L  spanning  the  range 
0.36A  <  L  <  1.86  A  and  for  all  ang’es  of  incidence,  but  with  concentration  on 
broadside  aspects,  (iv)  the  same  cylinders  as  in  (iii)  but  with  a  cavity-backed 
slot  at  the  center  to  produce  a  sequence  of  reactive  loadings,  (v)  spheres  and 
(vi)  cone-spheres  at  nose-on  incidence.  It  is  obviously  impossible  to  do  more 
than  give  typical  results  here,  and  attention  will  be  confined  to  amplitude* 
data. 

The  work  on  the  thin  cylinders  referred  to  in  (iii)  and  (iv)  above  is  des¬ 
cribed  in  detail  by  Chen  and  Liepa1'*.  The  cylinder  was  constructed  so  that  one 
basic  model  was  sufficient  to  embrace  the  full  range  of  lengths  by  the  insertion 
of  extension  pieces  and  rounded  end-pairs  of  different  sizes.  The  radius  was 
0. 183  in.  and  all  measurements  were  carried  out  at  -  trequency  1.088  Gc. 
Three  samples  of  the  data  for  broadside  incidence  on  the  unloaded  cylinder  are 
given  in  Fig.  3.  The  upper  curve  is  for  the  first  resonant  length,  L-  0.426  \ 
and  the  peak  value  of  the  current  here  has  been  used  as  the  reference  level  for 
the  amplitudes  in  the  lower  curves,  in  which  L  =  0.887  A  and  1.303  A. 

Some  data  for  a  sphere  taken  at  a  frequency  of  3.066  Gc  is  presented  in 
Fig.  4.  The  probe  trajectory  is  in  the  equatorial  plane  containing  the  incident 
electric  vector,  so  that  in  the  shadow  the  field  is  predominantly  the  major 
creeping  wave  component,  and  the  central  point  on  the  rear  of  the  sphere  is 


A  phase  measurement  system  is  still  in  its  trial  stages. 
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the  left-hand  end  of  the  horizontal  scale.  Also  shown  is  the  curve  computed  from 
the  exact  Mie  series  representation  of  the  surface  field,  and  it  should  be  noted 
that  this  has  been  superimposed  using  the  measured  value  of  the  incident  field 
in  the  plane  of  the  support  rather  than  on  a  'best  fit'  basis.  The  curves  are 
everywhere  within  1  db  of  one  another,  and  the  agreement  becomes  even  better 
if  the  systematic  discrepancy  attributable  to  the  incident  field  taper  is  subtracted. 

Corresponding  data  for  a  cone-sphere  with  vertex  angle  30°  is  shown  in 
Fig.  5.  The  radius  of  the  spherical  cap  is  identical  to  that  of  the  sphere  used 
for  Fig.  4,  and  direct  comparison  of  the  results  now  shows  the  enhancement  of 
the  creeping  wave  component  previously  deduced15  from  measurements  of  the 
nose-on  cross  section.  Its  magnitude  is  such  as  to  remove  most  of  the  dis¬ 
crepancy  between  theory  and  experiment  for  the  nose-on  cross  section  of  a 
cone-sphere  (see,  for  example,  Blore15),  and  its  origin  has  been  determined. 

A  detailed  treatment  of  cone- sphere  scattering,  including  measured  data  for 
both  the  far  and  surface  fields,  will  be  published  shortly. 
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INTRODUCTION 

The  basic  problem  in  terrain  scattering  work  is  to  determine 
the  average  radar  cross  section  per  unit  area  (<r0)  for  all  types  of 
tsrrMn  at  any  frequency,  incidence  angle,  bistatic  angle,  polarization, 
and  any  environment.  In  recent  years  the  study  of  lunar  and  planetary 
surfaces  through  their  scattering  behavior  has  also  become  of  im¬ 
portance.  Thus  the  converse  of  the  basic  problem  must  be  considered; 
the  estimation  of  the  physical  properties  of  the  surface  from  given 
values  of  <r0. 

Two  general  approaches  to  the  basic  problem  are  to  measure  the 
radar  cross  section  of  all  types  of  terrain  under  all  conditions,  or  to 
calculate  the  radar  cross  section  theoretically.  It  is  obviously  im¬ 
possible  to  measure  every  possible  type  of  terrain  under  all  conditions. 
This  limitation  is  even  more  serious  for  presently  inaccessible  extra¬ 
terrestrial  surfaces.  A  purely  theoretical  approach  which  was  not 
validated  by  experiment  would  also  be  of  little  value.  Furthermore, 
for  theoretical  models  of  a  surface  to  be  developed,  or  validated  from 
experiment,  precise  scattering  measurements  from  controlled 
surfaces  are  required.  Consequently  a  combination  of  experimental 
and  theoretical  methods  must  bo  used,  in  which  the  surfaces  can  be 
classified  as  to  type  (roughness,  loss,  etc.). 

The  first  step  in  the  solution  of  the  terrain  return  problem  is 
always  the  development  of  system  and  measurement  techniques  that 
will  accurately  determine  the  average  radar  cross  section  of  terrain. 
This  paper  will  be  concerned  with  some  of  the  problems  encountered 
in  making  terrain  return  measurements,  and  will  describe  one 
practical  system  that  has  been  found  effective. 


*  The  work  reported  in  this  paper  was  supported  in  part  by  Grant 
Number  NsG«213-61  between  The  Ohio  State  University  Research 
Foundation  and  National  Aeronautics  and  Space  Administration, 
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CHOICE  OF  SYSTEM 


Airborne  vs  Land-basad 

Early  work  in  terrain  scattering  measurements  have  emphasized 
the  application  of  the  measurements  to  the  design  of  high  resolution 
airborne  radar  systems.  Many  airborne  scattering  measurements  were 
made  because  it  had  been  thought  that  ground  based  measurements 
could  not  be  extrapolated  to  the  airborne  case.  It  has  since  been  shown 
that  for  many  types  of  surface,  this  expectation  was  unjustified,  as 
ground  based  measurements  can  be  extrapolated  to  the  airborne  case 
with  acceptable  accuracy.1 

The  main  advantage  of  the  ground  based  system  is  that  it  is 
possible  to  know  exactly  what  kind  of  target  area  is  being  measured 
at  any  given  time.  This  is  quite  difficult  in  the  airborne  system, 
due  to  the  large  area  and  heterogeneous  nature  of  the  surface  being 
illuminated.  In  addition  it  is  quite  difficult  to  obtain  an  absolute 
calibration  of  the  radar  system,  and  the  results  are  often  quoted  on 
a  relative  basis  rather  than  absolute.  The  cost  of  obtaining  airborne 
measurements  is,  compared  to  ground  based  measurements,  several 
orders  of  magnitude  greater. 

SYSTEM  REQUIREMENTS 

General 


The  design  of  a  radar  system  for  terrain  scattering  measurements 
is  in  many  ways  quite  different  from  the  conventional  radar  systems 
used  to  measure  the  radar  cross  section  of  various  types  of  aircraft, 
missiles,  etc.  ,  through  modelling  techniques.  This  is  especially  true 
if  the  radar  scattering  is  to  be  measured  from  natural  surfaces,  where 
the  radar  system  must  be  brought  to  the  target  rather  than  the  target 
brought  to  the  radar,  thus  requiring  the  use  of  a  mobile  radar  system. 

Even  when  the  measuring  system  is  a  mobile  one,  some  care  is 
necessary  in  setting  up  the  experiment.  It  has  been  found  from 
previous  backscattering  measurements  that  5  fundamental  parameters 
affect  the  magnitude  and  characteristics  of  the  terrain  return.  2  These 
parameters  are  surface  roughness,  polarization,  complex  dielectric 
constant,  incidence  angle,  and  frequency.  Since  it  is  not  possible  to 
measure  the  effects  of  all  of  these  parameters  at  once,  several 
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measurements  of  the  same  surface  are  required.  In  order  to 
determine  the  effects  of  each  individual  parameter  accurately, 
care  must  be  taken  to  ensure  that  the  exact  same  surface  is 
being  measured  each  time  and  that  the  area  under  investigation 
is  homogeneous.  This  is  more  easily  accomplished  if  only  a 
small  area  of  surface  is  illuminated  by  the  transmitter,  since 
large  areas  of  homogeneous  terrain  with  constant  slope  are  not 
common. 

It  has  been  found  from  previous  work  that  to  obtain  an  average 
value  for  the  radar  cross  section  of  the  terrain  requires  the  aver¬ 
aging  of  the  return  from  many  independent  samples  of  the  same 
terrain.  5  This  can  be  accomplished  either  by  measuring  many  fixed 
samples  of  terrain  and  then  averaging  the  measurements  from  each 
sample  or  by  continually  moving  the  transmitter  and  receiver  with 
respect  to  the  terrain  and  averaging  while  the  measurements  are 
being  made.  The  latter  is  preferred  since  a  large  amount  of  effort 
and  time  is  required  to  reposition  the  system  for  each  sample  of 
terrain,  using  the  former  method.  In  addition  it  has  been  found  that 
greater  accuracy  is  obtained  from  the  continuous  averaging  method. 

Sensitivity  and  Dynamic  Range 

From  previous  measurements  it  is  known  that  minimum  radar 
cross  sections  per  unit  surface  area  (<r0)  of  -50  db  have  been  meas¬ 
ured  for  the  backscattering  from  smooth  surfaces  near  grazing, 
whereas  the  same  surfaces  near  normal  incidence  exhibit  normalized 
cross  sections  up  to  ir0  ^  +  20  db.  These  are  average  values  and 
the  instantaneous  values  may  vary  i  10  db  from  the  average.  Thus  a 
system  dynamic  range  of  at  least  90  db  is  required. 

Calibration 


The  calibration  of  the  radar  system  is  quite  important  especial¬ 
ly  if  the  radar  scattering  measurements  are  to  be  on  an  absolute 
basis  (in  terms  of  a,  <r0  or  a)  rather  than  a  relative  basis.  The 
results  of  the  measurements  can  then  be  applied  universally  to  any 
particular  application.  In  addition  it  is  important  that  the  system 
calibration  include  the  antenna  to  ensure  greater  accuracy. 

Data  Analysis 

One  problem  that  is  universal  in  terrain  scattering  measurements 
is  the  data  reduction.  In  many  cases  the  results  of  the  measurements 
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are  not  analyzed  for  days  or  even  weeks.  Errors  in  data  taking  or 
equipment  malfunctions  are  not  noticed  until  considerable  data  has 
been  taken.  Thus  one  important  requirement  is  "instantaneous" 
data  reduction,  where  the  results  of  the  measurements  (cr,  cr0,  and 
a)  on  an  absolute  basis,  can  be  checked  as  the  measurements  are 
being  obtained. 

Mobile  CW  Doppler  Reflection  System 

Shown  in  Fig.  1  is  a  block  diagram  of  the  cw  Doppler  radar 
system.  The  system  is  operated  at  frequencies  of  10,  15,  and 
35  KMC  or  any  other  frequency  in  this  range  by  changing  the  RF 
section  of  the  system.  A  reference  signal  is  applied  to  the  crystal 
detector  by  unbalancing  the  hybrid  tee,  thus  introducing  a  small 
amount  of  transmitted  power  into  the  receiver  arm.  Because  of  the 
relative  velocity  of  the  terrain  with  respect  to  the  antenna,  the 
terrain  return  signal  of  constantly  changing  phase  beats  in  the  crystal 
mixer  with  the  transmitted  signal,  producing  an  audio  frequency 
signal.  The  signal  is  then  amplified  by  the  linear  amplifier  with 
variable  pass  bands  to  eliminate  any  undesired  signals.  The  signal 
is  then  detected  by  the  square  law  detector  and  fed  to  the  electronic 
Integrator  and  dc  recorder.  The  time  base  of  the  integrator  is 
variable  and  can  average  the  return  from  the  terrain  up  to  periods 
of  5  minutes.  The  recorder  measures  the  instantaneous  value  of 
terrain  return  and  determines  the  attenuation  to  be  used  in  the 
transmitter  to  insure  square  law  operation  from  the  detector. 

It  also  can  provide  some  Information  on  the  fading  characteristics 
and  dynamic  range  of  the  return. 

The  antennas  used  in  the  system  are  high-gain  pyramidal  horns 
with  dielectric  lenses  designed  to  give  an  optimum  pattorn  at  the 
operating  range  of  20  feet.  The  effective  illuminated  area  normal  to 
the  line  of  sight  transmission  is  2.41  ft2  for  10  KMC,  i.  36  ft2  for 
15  KMC,  and  0.67  ft2  for  35  KMC.  The  complete  radar  system  is 
Installed  in  a  truck  and  the  RF  section  of  the  transmitter-receiver 
is  mounted  on  the  end  of  a  40  foot  boom  secured  to  the  truck.  The 
Doppler  shift  in  frequency  is  obtained  by  driving  the  truck  at  a  pre¬ 
determined  speed  across  the  terrain.  The  speed  of  the  truck  is 
calculated  for  each  angle  of  incidence  so  that  the  Doppler  shift  in 
frequency  would  be  an  audio  signal  within  the  pass  bands  of  the 
amplifier.  The  system  can  transmit  and  receive  vertical,  hori¬ 
zontal,  and  circular  polarization. 
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The  calibration  of  the  system  is  accomplished  by  measuring 
the  return  from  either  a  double  or  triple  bounce  corner  reflector 
(dependent  upon  polarization),  the  Doppler  shift  being  obtained  by 
rotating  the  corner  on  a  four-foot  arm  as  shown  in  Fig.  2.  This 
type  of  calibration  reduces  the  effects  of  background  noise  and  the 
target  support  since  the  target  must  be  moving  at  the  required 
speed  to  obtain  the  desired  Doppler  shift  in  frequency. 

Absolute  values  of  radar  cross  section  can  be  obtained  by 
a  simple  slide  rule  calculation  at  the  end  of  each  measurement. 
Figure  3  shows  the  ability  of  the  system  to  duplicate  previous 
measurements  with  a  precision  of  better  than  i  1  db. 

The  system  can  be  converted  to  a  bistatic  radar  for  measuring 
the  scattering  from  simulated  surfaces,  with  the  addition  of  a 
receiving  antenna,  and  a  modulation  for  the  transmitted  signal  as 
shown  in  Fig.  4.  In  this  case  the  averaging  of  the  return  is  provided 
by  mounting  the  surface  on  a  railroad  car  and  moving  the  car  slowly 
through  the  beam  of  the  antennas. 

Figure  5  shows  a  representative  series  of  radar  back  scattering 
measurements  obtained  with  the  cw  Doppler  system.  Figure  6 
shows  the  results  of  bistatlc  measurements  obtained  by  converting 
the  Doppler  system  to  a  bistatic  radar. 

CONCLUSIONS 

It  has  been  found  in  terrain  scattering  work,  that  to  obtain 
accurate  values  of  <r0,  several  important  requirements  in  system 
design  and  techniques  must  be  satisfied.  These  requirements  can 
be  summarized  as  follows: 

1.  The  radar  return  from  many  independent  samples 
of  the  same  terrain  must  be  averaged,  preferably 
a  continuous  averaging  while  the  measurements 
are  being  obtained. 

2.  The  physical  characteristics  of  the  exact  area 
of  terrain  being  measured  must  be  known  at 
any  instant  of  time. 

3.  The  area  of  the  surface  being  measured  should 
be  small  in  order  that  controlled  changes  in 
surface  structure  can  be  made  accurately. 
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Fig.  1.  Block  diagram  of  CW  doppler  system. 
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Figure  2.  Corner  Reflector  Calibration 
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4.  The  surface  being  measured  should  be  homogeneous 
and  of  constant  slope. 

5.  The  data  analysis  should  be  performed  at  the  time 
the  measurements  are  being  obtained. 

6.  The  complete  radar  system  including  the  antenna 
should  be  calibrated  on  an  absolute  basis,  in 
terms  of  <r0,  <r,  or  a. 

If  the  radar  scattering  characteristics  of  a  surface  are  accurately 
known  it  is  possible  to  apply  the  results  of  these  measurements  to 
many  other  problems.  It  has  been  found  that  mathematical  models  can 
be  developed  to  predict  the  scattering  not  only  for  one  particular  surface 
but  for  a  range  of  surfaces  with  a  wide  variation  in  complex  dielectric 
constant  and  surface  roughness.4  It  has  also  been  found  that  the 
apparent  noise  temperature  of  terrain  can  be  determined  from  the  radar 
scattering  characteristic  of  the  surface.  5  The  effects  of  terrain 
environment  upon  antenna  noise  temperature  can  be  determined  from 
the  scattering  characteristics  of  the  terrain  surrounding  the  antenna. 

It  is  felt  that  these  applications  are  only  the  beginning  and  that  many 
other  important  phenomena  can  be  discovered  from  the  radar  scat¬ 
tering  characteristics  of  terrain. 
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x«»wurio» 

)Udw  or^as  la  a  maairur*  of  tb#  alaotroaagnetic  reflection  charaator- 

latloi  of  a  body.  Thia  parameter  may  ba  described  analytically  by  tha  relation! 


«  >  11a  ^x2  Ir  (1) 

8  -  *-  |  rl 

vbarai  o  la  tha  radar  oroaa  aaotlon 

tv  tha  aoattarad  povtr  flux  danaity  at  dlataMa  R  from  tha  aoattarar 
I’j  tha  pover  flux  density  la  as  inoldaot  plana  vava  flald. 

It  la  a  foot  or  axparlanoa  that  a  larga  geometric  oroaa  aaotlon  doaa  not 
naaaaaarlly  donota  a  correspondingly  larga  radar  oroaa  aaotlon;  aa  a  matter  of 
fact,  thara  aoaaa  to  ba  naltrtar  a  simple  nor  obvloua  ralatlonahlp  batvaan  tha 
tvo.  for  axaapla,  tha  radar  oroaa  aaotlon  of  tha  mathematical  oona  aaan  no a a -on 
la  ot  tha  order  of  10'°  malart  squared,  ('nr).  Tho  exact  analytical  solution  to 
the  radar  oroaa  aaotlon  problem  la  found  to  ha  untraetahla  In  all  but  tha  vary 
almplast  of  shapes,  l.a.,  tha  sphsra,  ato.  Tha  remaining  caaas,  vhloh  art,  by 
tba  vay,  tha  one*  of  aoat  praotloal  Interest,  raaaln  outalda  tha  aoopa  of  present- 
day  mathematical  technique*. 

SZfOUMXOn 

Ona  of  tha  method*  of  extracting  Information  concerning  tba  radar  oroaa 
stations  of  bodlas  uUUroa  a  oontlnuoua  vava  radar  bridge  employed  against  a 
targat  mounted  In  a  praolslon  Indoor  alorovava  aoaoboio  chamber.  In  praotlca, 
tha  aanaltlvlty  of  a  oontlnuoua  vava  radar  oroaa  aaotlon  meaaurliy  rang#  la 
datamlnad  by  tha  Joint  affaot  of  tvo  factor* I  (l)  tha  taro  lnlbalanoa  introduced 
by  equipment  imperfection*,  and  ( i )  a  factor  vhloh  dapandt  on  tha  manner  In  vhloh 
tha  targat  modlfla*  tba  Illumination  of  tha  mlorovava  anaohoio  chamber.  If  va 
oan  aubatantlally  raduoa  tha  arror*  arising  out  of  thaaa  factor*/  va  can  axpaot 
to  ba  ravardad  vlth  looraaaad  aoouraoy  and  praolalon  in  our  measurements. 

Tha  aoouraoy  of  any  measurement  ay a tan  la  dependent  upon  tha  ability  of  tba 
tastor  to  flrat  stablllta  and  than  daflna  tha  amplitude*  and  affaot*  of  arrora 
lnharant  In  the  ayataa,  glnos  the  targata  of  primary  lntsraat  have  boon  spec¬ 
ifically  daalgnad  to  reflect  only  a  vary  small  fraction  of  the  Illuminating 
energy,  tha  flrat  ta.ik  o»oom#a  tha  daalgn  of  a  transmit-reoelve  ayatam  vlth 
adequate  sensitivity  and  alaotrloal  phase  atcblllty  charactarlstlos. 

roulpmant.  Tna  aquation  daaorlbing  tbs  aohlavabl*  aanaltlvlty  of  a  CW  radar 
oroaa  aaotToni  maasuramants  olrouit  lsi 


r 


kr  R4  X2 


where: 


■  Propagation  Path  Length  (one  way) 

-  Free  Space  Wavelength 

■  Antenna  Aperture  Area 

=  Antenna  Efficiency  Constant 

-  Receiver  Sensitivity  Threshold 

■  Power  Transmitted. 

b  Minimum  Detectable  Target  Area 


The  optimum  values  for  the 
fixed  hy  the  criteria  for  even 
requirements.  Smin  and  Ety  are 
equipment.  In  actual  practice 
achievable  goal  for  the  testor 
circuit. 


variables  in  the  bracketed  quantity  are  essentially 
power  illumination  of  the  target  and  near  field 
both  limited  hy  the  capabilities  of  available 
then,  the  equation  above  determines  a  theoretically 
when  designing  and  fabricating  the  microwave 


System  Isolation  is  defined  as  the  ratio,  expressed  in  db,  of  the  power  at 
the  receiver  to  the  power  transmitted  when  there  is  no  desired  target  being 
illuminated.  “ 

S 

The  theoretically  achievable  value  for  "system  Isolation"  is  = — -  . 

T 

The  return  in  a  radar  cross  section  measurement  range  is  described  by  the 
following  equation: 


where:  E  »  Measured  relative  field  strength 

-  Target  relative  field  strength 

Eg  -  Background  relative  field  strength 

E  .  -  Cross  talk  relative  field  strength 

cx 

Eg  ■  Forward  scatter  effect  from  target 

Eg  ■  Target  holder  relative  field  strength 

From  the  definition  for  system  isolation,  we  would  like  to  have 


when  no  desired  target  is  being  illuminated. 

A  mono static  or  single  antenna,  transmlt-recelve  circuit  was  chosen  for  this 
test  facility,  because  the  bi-static  system  has  an  inherent  pattern  error  due  to 
the  angular  displacement  of  the  two  antennas  with  respect  to  the  normal  axis  of 
propagation. 


To  explain  the  circuit  operation  of  a  aonostatic  system  requires  a  brief 
review  of  the  operational  principles  of  the  hybrid  tee.  If  all  four  arms  of 
this  device  were  terminated  such  that  there  were  no  standing  waver,  in  the  sys¬ 
tem,  the  circuit  behavior  at  the  tee  could  be  described  as  follows t 

The  transmitter  power  entering  arm  H  is  divided  equally  into  arms 
1  and  2,  .nd  none  of  the  transmitted  energy  will  enter  era  E. 

The  reflected  or  return  power  entering  arm  1  will  be  divided 
eo.ually  Into  arras  H  and  E,  and  non#  of  the  return  energy  will 
enter  arm  2.  Since  it  ie  impossible  to  febricate  a  perfect  hybrid 
tee  or,  for  the  matter,  to  provide  for  *  perfect  termination  at 
all  four  arms,  standing  waves  ara  present  in  the  eystem.  The  pur* 
pose  of  the  $  or  9  stub  tuner  In  am  2  it  to  introduce  a  mismatch 
of  proper  phase  end  amplitude  at  tbs  Junction  of  arm  H,  such  that 
the  effects  of  all  system  standing  wavss  are  oenoelled  out  and- 
maxlmum  isolation  ie  achieved.  The  theoretically  achievable  _min 

ratio  for  the  test  circuitry  which  we  have  so  far  constructed 
varies  from  *115  db  to  -130  db,  and  to  actually  reach  this  figure 
and  bold  it  for  the  period  of  a  test  run,  it  is  neoessery  that 
the  phase  stability  of  the  transmitted  eignel  in  the  waveguide 
circuitry  be  of  the  order  of  10*°\. 

The  degree  of  phase  stability  which  can  he  achieved  In  any  waveguide  olroult 
is  directly  related  to  the  stability  of  the  test  ftreguenoy  and  to  the  dimensional 
stability,  in  all  planes,  of  the  waveguide  aireuit  it so lx. 

The  frequency  stabilizing  portion  of  the  test  olroult  oonslsts  of  a  Synchro 
Oscillator  which  phase -looks  the  test  frequency  to  a  crystal  re fere nos  source 
which  has  a  long-term  frequency  stability  of  one  part  in  10&  (for  example,  f  • 

1010  +  50  cps). 

The  required  dimensional  stability  of  the  system  is  achieved  by  phyeioelly 
isolating  it  from  variations  in  its  thermal  and  vibrational  environment.  By 
careful  attention  to  detail,  ve  have  been  able  to  obtain  Eot  ■  &mln  *nd  to 
hold  it  at  this  value  for  several  hours.  Zf  tha  enclosure  surrounding  the  tar¬ 
get  ie  stable  mechanically,  and  the  olrcult  la  tuned  for  maxima  isolation  with 
the  antenna  looking  into  the  empty  enclosure,  then  (beocuse  of  our  over-all  sys¬ 
tem  phase  stability)  the  enclosure  bacons ■  part  of  the  olrcult,  and  we  can  tun* 
for  jEgl  +  |Ect[  ^  8^,  thereby  reducing  | Eg |  to  at  least  8^. 

Because  of  our  phase  and  dimensional  stability,  E  Is  po  longer  time  dependent. 
In  other  words,  should  we  place  a  target  in  the  ohazfiEer  am  not  move  it,  *  vouM 
remain  at  a  constant  value  for  a  period  of  time,  the  duration  of  whieh  depends 
upon  the  long-term  stability  characteristics  of  the  test  setup.  This  doss  not 
mean,  however,  that  E  -  El.  Although  we  may  have  eliminated  the  time 
dependence  and  reduced  all  'the  error  quantities  to  vsry  low  values,  they  never¬ 
theless  are  contributing  in,  an  yet,  an  undefined  manner  to  the  value  of  f.  Zt 
is  important  to  note,  for  example,  that  after  the  target  has  besn  put  in  place, 
the  wall  reflection  la  modlfltd  due  to  forward  scatter  from  the  target.  Zt  has 
been  usual  to  accept  tba  error  ocused  by  thla  modification  of  the  room  reflaetloo 
and  to  restrict  measurements  to  targats  in  which  thla  effeot  is  null.  At  the 
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36<r  vhl.lt  reoordlug  tht  value  o,  It  la  poaalblo  to  doflnt  ov  at  tba 

aaplltuda  varlatloa  of  a  about  a  fixed  valua  </*.  If;  for  ovary  daalrad 
look  anglt,  tht  rangv  to  tba  target  la  altarad  by  2,  the  nagnitule 
and  phata  of  tba  raflaatloB  due  to  the  vail  return  tend#  to  be  eon* 
atant)  hovtvar,  tht  phete  of  the  targat  return  ehatgaa  greatly. 
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cj* 1  va  have  changed  the  phase  of  the  target  return  by  2n,  while  keeping  the 
return  from  the  wall  essentially  constant.  Thus,  the  return  signal  exhibits  a 
periodic  otmcture  with  change  In  range,  the  amplitude  of  this  periodic  term 
being  a  measure  of  the  imbalance  introduced  by  the  target  and  the  mean  value 
represents  the  true  cross  section  measured.  Analytically,  ve  have: 

e  +  a  . 
max _ min 


It  should  be  emphasized  at  this  time  that,  in  addition  to  the  elimination  of 
error  as  outlined  above,  this  process  In  effect  allows  accurate  measurements  of 
return  signals  approaching  the  magnitude  of 

To  obtain  the  required  information  for  every  look  angle  by  following  this 
procedure  would  be  tedious  to  say  the  least,  so  the  following  technique  has  been 
employed  instead: 

The  model  is  rotated  and  all  values  of  a  recorded.  The  model  is  then 
traversed  a  distance  X/l6  and  the  process  repeated.  A  traversing 
mechanism,  Instrumented  from  outside  the  chamber  proper,  allows  the 
target  model  to  be  altered  in  range  without  disturbing  the  measure* 
ment  system.  This  is  repeated  a  total  of  eight  tlmea  covering  tha 
distance  \/2  and  the  nine  patterns  are  all  recorded  in  an  overlay 
fashion  on  a  single  sheet  of  paper. 

Thoso  data  arc  processed  by  the  7090  computer  to  prosent  g  tabulation  o£ 
true  radar  oross  section  measured  versus  aspect  angles  from  0°  to  3&0C  at  1° 
intervals,  in  addition  to  a  profile  graph  of  the  same  parameters.  In  operation 
data  from  the  mess.  fan.  is  fed  to  the  computing  engineering  section,  etc.  - 
scalo  factors,  calibration  level,  etc. 

Using  the  methods  outlined  above,  ve  have  made  measurements  on  a  aeries  of 
spheres  shown  in  Table  I.  The  deviation  indicated  is  within  the  order  of  magnitude 
of  our  prosent  readout  capability.  Computer  program  for  conducting  spheres  is 
tabulated  in  increments  of  .001  *r-  a  for  the  range  .001  to  10.000. 

Figure  1  illustrates  the  radar  return  from  a  common  housefly  suspended  by 
a  single  strand  of  monofilament  nylon  cord.  The  average  value  of  the  return  is 
approximately  10"7  of. 
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Table  I 


PRELIMINARY  SPHERE  CALIBRATION 
AT  5. IV  OH  Hi  TO'  CUA132R 


PRECISION  MEASUREMENT  OF  THE  RADAR  CCATfERINC  MATRIX 


J.  A.  Wcbb/vf.  ?.  Alien 
Lockheed -Coorgio  Company 
Marietta,  Ceorcio 


ABSTRACT 

The  radar  crooa  faction  raeosurc.v.ent  equipment  at  Lockheed -Georgia  Company 
la  deacrlbed  In  tbla  paper,  and  somo  of  tbc  rooulte  of  measurements  made  with 
resonant  dipole  cboff  are  glvon.  Tnla  equipment  la  a  quael-monoetatic,  cw 
reflection  range  operating  at  X-bond,  It  hoe  one  rother  unuaual  feature.  In 
thot  It  utlllzea  electromechanical  aervomechonloma  to  drive  a  precision  micro- 
wave  pbooe  shifter  end  e  precision  ottonuotor  to  maintain  tbe  recolver  output 
at  a  null.  Tbla  technique  provides  significant  advantages  over  maaeureaenta 
made  at  Intermediate  frequencies. 


DISCUSSION! 

Tbe  rador  cross-section  measurement  equipment  at  Lockheed -Oeorg la  Company 
la  copuble  of  measuring  tbe  radar  scattering  matrix  to  considerable  greater 
accuracy  than  that  which  la  normally  obtolned.  Thera  are  several  factors  which 
contribute  to  this  accuracy,  the  major  ones  being  (a)  a  cloaod  loop  measurement 
technique  using  precision  microwave  component*,  (b)  the  uae  of  an  extremely 
aocurate  frequency  control  on  the  tienamlttor,  and  (c)  the  uee  of  apodal  back¬ 
ground  compensation  techniques.  The  meticulous  care  used  In  setting  up  and  conduct¬ 
ing  experiments  baa  also  contributed  significantly  to  this  accuracy. 

This  equipment  Is  a  quasi -raonosta tic,  cw  reflection  range  operating  at  x-banfl . 

A  simplified  block  diagram  of  tb*  measurement  equipment  lo  given  in  Figure  1. 
Rotating  Joints  on  the  transmitting  and  receiving  antennas  provide  measurement 
capability  at  any  polarisation.  A  signal  leakage  path  la  ueed  to  cancel  tbe 
'background"  return.  A  second  signal  leakage  path  Is  used  to  cancel  tbe  return 
from  the  terget,  to  produce  e  null  output  from  the  receiver.  Electromechanical 
aer/omechanlams  drive  a  precision  mlerovovo  pboao  shifter  end  e  precision 
attenuator  In  the  target  cancellation  path  to  maintain  the  receiver  output  In  a 
null.  The  measurement  accuracy  1*  therefore  determined  by  tbe  accuracy  of  these 
precision  microwave  components.  A  socond  attenuator  la  used  In  tho  target  can¬ 
cellation  path  as  a  pad,  to  set  tbe  operating  ranee  of  the  oervo-drlven  attenuator. 

A  precision  potentlmeter  la  located  on  the  shaft  of  each  of  the  electro¬ 
mechanical  servomechanisms  to  provide  output  voltoge.  Two  rectangular  chart 
recorder#,  aynchronlzed  to  the  target  azimuth  positionor,  are  used  to  record  tbe 
amplitude  and  phaae  of  tbe  radar  scattering  parameters. 


When  measuring  the  elements  of  the  scattering  matrix  for  any  given  target. 

It  ia  necesoory  to  correlate  phcae  ohlft  data  obtained  at  varlouo  polarizations. 
To  avoid  almost  impoeslble  toleroncen  in  target  replacement  between  measurements, 
the  target  io  not  disturbed  until  all  of  the  elements  of  the  scattering  matrix 
have  been  measured.  Thia  requires  that  background  readinga  be  made  before  target 

placement,  and  that  these  readings  remain  constant  durinc  0  meocurement  run. 

Experience  hoo  shown  that  the  background  will  remain  constant,  provided  that  the 
transmitter  ia  sufficiently  stable  in  frequency.  To  provide  thia  atobility,  the 
transmitter  ia  phase-locked  to  a  crystal  standard,  having  a  short-tern  stability 
of  1  port  in  108. 

After  background  cancellation,  the  residual  return  from  the  microwave  dark¬ 
room  ia  leas  than  the  change  in  return  due  to  the  styrofoam  model  support  column, 
as  the  column  is  rotated  in  azimuth.  The  mean  residual  return  due  to  the  column 
ia  typically  -50  to  -55  dbsm.  The  amplitude  and  phase  of  the  residual  column 
return  however  can  be  plotted  aa  a  function  of  azimuth  angle,  then  subtracted 
from  the  target  return. 

This  technique  of  vector  subtraction  io  effective,  but  the  resultant  improve¬ 
ment  in  residual  background  is  not  as  grest  os  originally  anticipated.  This  ia 

not  due  to  any  lack  of  accuracy  In  vector  measurement  and  subtraction  but  to 

the  performance  limitations  of  the  darkroom  iteelf. 


The  static  return  from  a  microwave  darkroom  is  generally  used  to  specify 
darkroom  performance.  With  background  cancellation,  however,  as  used  in  thia 
equipment,  the  static  return  from  the  dsrkroom  ia  of  little  interest.  What 
io  of  interest  is  the  biatatic  scattering  anomalies  caused  by  the  introduction 
of  the  target  into  the  darkroom,  and  the  changes  in  background  as  the  styro¬ 
foam  column  is  rotated  In  azimuth.  It  was  found  that  biatatic  scattering  fran 
the  room  limited  the  darkroom  performance  to  about  -60  dbsm  even  with  vector 
subtraction  of  the  column  return.  It  was  also  found  that  these  bistatic  scatter¬ 
ing  anomalies  occurred  from  the  back  wall  of  the  room,  with  very  little  scatter¬ 
ing  from  the  sideB  of  the  room.  A a  a  result  of  these  measurements,  improve¬ 
ments  in  the  configuration  of  the  back  wall  ore  being  planned. 


For  purposes  of  system  calibration,  several  highly  accurate  stainless  steel 
spheres  are  used.  Tbose  spheres  range  in  size  from  3/l6-lnch  to  3  Inches 
diameter.  In  addition  to  providing  good  calibration  reference,  these  spheres 
have  been  used  on  occasion  for  darkroom  checkout,  by  rotating  the  sphere  off- 
center  and  thereby  creating  an  interference  pattern  between  tbe  reference  sphere 
and  the  darkroom  return.1  Direct  recording  of  tbe  background  return,  however, 
and  averaging  over  360  degrees  azimuth  rotation,  is  considered  to  be  a  more 
desirable  technique  for  microwave  darkroom  checkout.  Tbe  rotating  sphere  method 
still  provides  tbe  only  technique  for  evaluating  tbe  residual  darkroom  anomalies 
after  vector  subtraction  of  the  column  return. 
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Output  data  from  the  servo-driven  phaoe  chlfter  and  attenuator  ere 
normally  recorded  on  two  rectangular  chart  recorders,  synchronized  to  the 
target  azimuth  positioner.  These  data  may  aloo  be  recorded  on  magnetic 
tope  and  played  back  either  to  the  chart  recorder,  or  to  an  enalog-to- 
digital  converter, where  attenuation  and  phaoe  shift  readings  may  be  made 
for  each  l/2-degree  increment  of  azimuth  position  change. 

Figure  2  is  a  pictorial  view  of  the  meaourement  equipment.  The  microwave 
equip  ent  is  located  on  the  table,  with  the  transmitting  and  receiving  antennas 
extending  into  the  microwevo  darkroom.  Two  reetongulor  chart  recorders,  the 
azimuth  positioner  control  and  indicator,  and  the  null-monitoring  oscillo¬ 
scope  are  shown  at  the  right.  The  servo  controls  and  amplifier  are  underneath 
the  recorder.  Figure  3  ia  0  close-up  of  the  phase  shifter  aervo. 

Figure  4  la  a  view  from  inside  the  microwave  darkroom,  looking  towards  the 
back  wail.  Figure  5  is  a  forward  view,  showing  the  measurement  antennas  pro¬ 
truding  through  the  microwave  absorber.  Figure  6  shows  the  7-channel  instrumen¬ 
tation  tape  recorder,  which  is  used  for  multi-channel  recording  end  playback  of 
scattering  parameters. 

Figure  7  shows  the  angle  oynchronizer  which  is  used  for  synchronizing  play¬ 
back  signals  from  the  tape  recorder.  When  converting  scattering  parameters  to 
digital  data,  a  cam-driven  microawitch  on  the  angle  synchronizer  provides  a 
"read  command"  pulse  for  each  l/2  degree  change  in  azimuth  angle,  when  play¬ 
ing  back  to  chart  recorders,  a  synchrotranomitter  on  the  angle  synchronizer 
provides  an  appropriate  signal  to  synchronize  the  chart  recorders  and  the  azimuth 
position  indicator. 

MEASUREMENT  DATA: 

This  equipment  has  been  UBed  to  provide  input  data  for  use  in  a  digital 
simulation  program.  In  this  simulation  program,  the  vector  scattering  para¬ 
meters  are  used  to  predict  the  radar  cross-section  for  any  polarization  angle, 
and  any  orientation  of  a  symmetrical  body. 

Aa  a  check  on  the  validity  of  this  prediction  technique,  the  radar  cross- 
section  was  predicted,  then  measured,  for  an  arbitrary  incident  polarization 
angle.  These  teste  clearly  demonstrate  that  this  prediction  technique  is  valid 
and  that  the  measurement  accuracy  is  sufficient  for  prediction  of  the  off-axis 
scattering  characteristics. 

.’•'easurements  were  made  of  the  returns  from  long  thin  wires  of  various 
lengths,  up  through  the  third  resonant  peak.  The  resultant  data  from  these 
measurements  are  shown  in  Figure  8.  These  data  represent  mean  croes-oectlon 
values,  averaged  over  l80  degrees  azimuth  angle,  and  180  degrees  polarization 
angle.  The  wire  used  bad  a  radius  of  1.5  mils,  representing  lengtb-to-redlus 
ratios  of  420  to  1260  at  the  flrex.  and  third  resonant  peaks,  respectively. 
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Figure  3*  Electromechanical  servo  driving  a  microwave  phase  shifter. 
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Figure  b .  Forward  view  of  the  microwave  darkroom 


,\  curve  .from  Van  Vleck®  representing  calculated  mean  returno  from  perfectly 
conducting  wires,  aeeumlnc  •  conotant  leneth-to-radlue  ratio  of  900,  is  aloo 
plotted  In  Figure  3.  It  la  interesting  to  note  that  the  beat  correlation  with 
Von  Vleck  occura  near  tbe  third  reaonont  peak,  where  the  lengtb-to-radlue  ratios 
most  nearly  correspond. 

Caosedy  and  FalnbergS  have  shown  that  the  dissipation  factor  in  the  wire  is 
also  quite  Important  In  determining  the  characteristics  of  the  return.  Figure  9 
shows  calculated  peak  returns  by  Coooedy  and  Fa  Inhere  from  a  perfectly  conduct¬ 
ing  wire  and  a  cop par  wire,  and  measured  returns  from  copper  wire,  compared  to 
maaauramanta  made  at  Lockheed.  Caseedy  and  Fainberg  used  1  mil  diameter  wire 
at  $000  no,  corresponding  to  a  length-to-radlua  ratio  of  3700,  whereas  tbe 
Lockheed  measurements  were  made  at  9375  me  using  3  »H  diameter  wire,  correspond¬ 
ing  to  e  lengtb-to-radiua  ratio  of  420, 

Much  better  correspondence  ie  obtained  between  the  Lockheed  measurements  and 
tbooo  made  by  Ssrrsccbloll  and  Levis  at  Ohio  State  University.1*  Tbe  lengtb-to- 
rodius  ratio  of  tha  wire  used  by  Serracchloll  and  Levis  was  approximately  440 
for  these  measurements,  corresponding  vary  closely  to  tbe  Lockheed  measurement 
condition*.  A  comparative  plot  of  tha  Ohio  State  and  Lockheed  measurements  is 
given  in  Figure  10. 

The  angulnr  distribution  of  tbe  reaponoe  of  a  wire  la  shown  In  Figure  11, 
plotted  on  a  normalized  scale,  from  measurements  mode  at  Lockheed.  This  curve 
is  compared  to  calculations  by  Van  Vleck,  aloo  normalized  (Methods  A  and  C, 

Figure  5)*  Van  Vlack  uaed  a  wire  length-to-wuvelength  ratio  of  0.5  and  a  lengtb- 
to-rodlua  ratio  of  900,  compared  to  0.46  and  420  for  tbe  Lockheed  measurements. 
Vector  subtraction  of  tba  column  return  was  used  for  reducing  tbe  background  In 
tha  Lockheed  maaauramanta, 
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Fifluf#  9.  Calculottd  and  M*o»uf*d  Ptok  RtU/rn*  for  tHa  A/2  R*»»n«nt  Paoit. 


Plfura  10.  Calculated  and  Maaiurad  Peak  Return*  for  tha  A/2  Retonont  Paek. 


BIBLIOGRAPHY : 


1.  Outline  of  Electrical  Evaluation  Procedures  for  ■'•iicrowove  Anechoic 
Chambers,  Emerson  L  Cuming,  Inc.,  October  1962. 

2.  Van  Vleck,  J.  H. ,  Black,  F. ,  ond  Ilamermesh,  M. ,  Theory  of  Rodor 
Reflection  from  Wires  or  Thin  Metallic  Stripe,  Journal  of  Applied 
Physics,  March  1947. 

3.  Cassedy,  E.  S.,  and  Fainberg,  J. ,  Back  Scattering  Cross  Sections 
of  Cylindrical  Wires  of  Finite  Conductivity,  IRE  Transactions  on 
Antennas  and  Propagation,  January  i960. 

\ 

4.  Serraccbloli,  F.,  and  Levis,  C.  A.,  The  Calculated  Phase  Velocity 
of  Long  End -Fire  Uniform  Dipole  Arrays,  IRE  Transactions  on 
Antennas  and  Propagation,  December  1959* 


245 


VERY  SMALL  RADAK  CROSS-SECTION  MEASUREMENTS  AT  UHF 

Phillip  J.  Willcox 
Goodyear  Aerospace  Corporation 

ABSTRACT 

The  Quaei-doppler  technique  has  been  used  successfully  for  accurate 
radar  cross-section  measurements  of  tne  order  of  the  10“5  A  2  in  the  UHF 
band*  This  presentation  includes,  in  addition  to  the  theoretical  die- 
cussion  of  the  Quasi -dcppler  technique,  the  ptysioal  configuration  of 
the  test  range,  with  particular  emphasis  on  the  determination  of  range 
parameters,  and  tne  methods  employed  in  data  reduction*  A  review  of 
target  support  systems  contains  the  description  of  a  unique  target  mount 
that  virtually  eliminates,  for  certain  target  configurations,  the  effect 
of  mount  motion  on  the  target  return* 

THEORY  OF  THE  QUASI-DOPPLER  TECHNIQUE 

Conventional  methods  of  making  radar  rsflsotivlty  measurements  dio- 
tsts  /that  the  background  return  level  be  appreciably  lower  then  the 
level  of  the  target  return  for  reasonable  accuracy*  The  familiar  ourve 
reproduced  in  Figure  1  shows  the  accuracy  that  can  be  insured  for  a 
given  target  to  background  separation.  This  is  due  to  the  random  rela¬ 
tive  phase  between  the  target  return  and  the  background  return*  This 
relative  phase  cen  be  anything  from  in  phase  to  180°  out  of  phase; 
therefore,  the  target  return  level  aoouraoy  can  be  no  better  than  the 
two  extremes.  Por  oxaryle,  the  target  return  level  must  be  nearly  20  db 
higher  than  the  baokground  for  an  accuracy  of  tl  db  on  the  measured 
value.  Tnie  problem  is  oertalnly  not  uneurmountablo  if  tne  target  to  be 
measured  le  large  in  terms  of  radar  cross-esction.  However,  if  the  tar¬ 
get  return  is  very  email,  the  problem  of  reducing  the  background  to  the 
point  at  whloh  acceptable  accuracy  is  to  be  achieved  becomes  extremely 
dlfr cult* 

This  may  be  readily  appreciated  by  considering  the  published  data  on 
tho  better  radar  cross  ssotioc  ranges  In  the  country.1  Most  wall  ds- 
slgnsd  and  carafully  constructed  ground  ranges  have  an  average  measured 
background  level  of  the  order  of  10"^  m*.  Considering  such  s  range,  a 
target  with  s  radar  cross-section  of  10*u  would  yield  a  measured  re¬ 
turn  20  db  gbove  background  and  hence,  have  a  measurement  accuracy  of  tl 
db*  A  smaller  target,  however,  would  have  associated  with  it  a  muoh 
poorer  ecouracy  figure*  By  conventional  methods  then,  the  size  of  the 
target  that  can  be  measured  with  s  given  accuracy,  is  seriously  limited* 
This  is  particularly  true  at  lew  frequencies  suoh  as  in  the  UHF  region 
since  the  baokground  level  is  generally  higher  and  more  difficult  to 
cancel  by  conventional  cancelling  networks* 

This  limit  may  be  greatly  extended  by  use  of  the  "Quaei-doppler" 
technique*  As  the  name  implies  this  method  employs  targst  motion.  If 
the  target  Is  moved  slowly  in  the  direction  of  propagation,  the  phase 
of  the  target  return  continually  varies  completing  one  full  period  for 
snch  half  wavelength  of  target  motion.  If  during  this  time  period,  the 
background  level  can  be  assumed  to  remain  fixed  in  both  amplitude  and 
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phase,  the  net  effect  is  that  of  a  phaoe  changing  target  return  modula¬ 
ting  a  fixed  phase  background  return.  This  results  in  a  sinusoidal  type 
recording. 

Consider  a  given  target  return  level  of  magnitude  A  and  a  background 
return  level  of  magnituie  B.  The  peak  power  return  will  result  when  the 
target  and  the  background  are  in  phase.  This  is  given  by  (A»B)  •  Simi¬ 
larly,  the  minimum  power  return  will  result  when  the  target  and  back¬ 
ground  returns  are  180°  out  of  phase  and  is  given  by  (A-B)z.  Then, 

10  log  «  X  (db)  (1) 

will  yield  the  peak  to  null  variation  of  the  return  in  decibels.  For 
any  given  value  of  x,  the  ratios  of  the  peak  power  level  to  the  target 
level  and  to  the  background  level  may  be  computed,  i.e.,  for  any  given  x 
determine  10  log  (A  ■»  B/A)2  and  10  log  (A  ♦  B/B)2  in  db.  Those  have 
been  plotted  versus  x  in  Figure  2.  The  first  expression  yields  the 
level  of  the  target  return  in  terms  of  the  peak,  and  the  second  yields 
the  level  of  the  background  return  in  terms  of  the  peak.  Notice  that  if 
the  difference  between  these  curves  is  plotted  as  a  function  of  x,  the 
error  curve  shown  in  Figure  1  is  the  result.  It  is,  therefore,  evident 
that  the  doppler  return  recording  is  in  fact  an  actual  recording  of  the 
error  on  the  target  return  due  to  the  arbitrary  relative  phase  between 
the  target  return  and  the  background  return. 


DETERMINATION  OF  RANGE  PARAMETERS 

The  accurate  determination  of  range  parameters  which  will  yield  an 
acceptable  target  illumination  precedes  any  attempt  to  make  a  backscat- 
ter  measurement.  Four  primary  variations  must  be  considered;  phase  var- 
iation  over  the  target  aperture,  amplitude  variation  in  the  horizontal 
and  vertical  planes  of  the  target  aperture,  and  the  amplitude  variation 
in  the  longitudinal  direction,  i.e.,  in  the  direction  of  target  motion. 
Each  of  these  variations  will  be  considered  in  turn. 

Plane  Wave  Criteria 

The  ideal  target  illumination  for  accurate  backscatter  measure¬ 
ments  would  be  a  perfectly  plane  wave  over  the  entire  target  aperture. 
If  a  point  source  is  assumed,  the  degree  of  "planeness"  is  a  direct 
function  of  range  length  and  will  determine  a  minimum  range  length  for 
any  given  acceptable  phase  variation  over  the  aperture.  For  example, 
the  often  used  mlnimun  range  requirement  R  >  2D2 /A,  where  D  is  the 
largest  dimension  of  the  target  normal  to  the  direction  of  propagation, 
a  phase  variation  of  no  greater  than  A/l6  over  the  aperture. 

For  most  backscatter  measurements,  this  i3  assumed  to  be  a  reasonable 
condition.  It  must  be  pointed  out  that  this  result  is  based  only  upon 
the  direct  radiation  and  does  not  consider  the  phase  effect  of  energy 
reflected  off  the  ground  or  other  nearby  objects. 
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Amplitude  Variation  jn  Longitudinal  Direction 

Any  physical  target  other  than  a  flat  plate  will  have  a  signifi¬ 
cant  finite  dimension  in  the  direction  of  propagation.  Since  the  E 
field  decreases  in  proportion  to  1/R,  where  R  ie  the  distance  from  the 
transmitting  antenna,  it  is  obvious  that  the  Held  will  differ  at  points 
on  the  target  at  different  distances  from  the  antenna*  Consider  a  tar¬ 
get  of  length  L,  the  nearest,  part  of  which  is  a  distance  RA  from  the 
antenna  and  the  farthest  part  of  which  is  a  distance  %  from  the  antenna. 


Then  Rg  "  RA  "  L* 

In  order  to  measure  the  difference  in  power  between  the  two  points 
sider  the  power  ratio 


Ik  m  (b<a0  2  . 

PB  (Fo/Ra+L) 

The  measured  variation  in 


20  log 


Ra  +  i 
ra 


where  AA  represents  the 


db  would  then  be  given  by 
A  A 

variation  in  db. 


t 


(2) 

con- 

(3) 

a.) 


For  application  to  the  quasi -doppler  technique,  the  dimension  L  must 
consist  of  the  target  dimension  in  the  longitudinal  direction  plus  the 
distance  covered  by  the  motion  of  the  target. 


Equation  (U)  may  be  written 


K  L 


where 


log'1(4r)  ' 


(5) 


For  any  given  acceptable  value  of  A  A,  the  minimum  range  required  oan 
be  easily  determined. 


Amplitude  Variation  in  the  Horizontal  Plane 


The  amplitude  variation  over  the  horizontal  target  aperture  will 
be  a  function  of  the  transmitter  antenna  beam  width  and  the  range  length. 
For  any  given  target  size,  the  minimum  range  is  determined  by  the  anten¬ 
na  beanwidth  for  a  given  allowable  variation.  In  most  cases,  therefore, 
the  allowable  variation  in  the  horizontal  plane  will  dictate  the  parti¬ 
cular  antenna  to  be  used. 
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■Amplitude  Variation  In  iho  Vertical  Plane 

It  has  been  shown^  that  when  a  transmitting  antenna  is  located 
praodmate  to  the  ground  such  that  the  grazing  angle  of  the  reflected  ray 
is  less  than  2®,  the  magnitude  of  the  reflection  coefficient  1b  approxi¬ 
mately  nnity  for  either  horizontal  or  vertical  polarisation.  Similarly, 
the  phase  of  the  reflected  ray  will  be  approximately  180®  relative  to 
the  incident  ray  for  either  polarization.  For  this  reason,  if  the  graz in. 
angle  can  be  kept  below  this  value  (2®),  the  far  field  effect  can  be  con¬ 
sidered  as  being  generated  by  the  two  element  array;  i.e»,  the  antenna 
and  its  image,  considered  as  two  point  sources  separated  by  2h  where  h 
Is  the  antenna  height  above  ground. 


The  field  strength  in  the  far  field  from  a  two  element  array  ae 
a  function  of  elevation  angle  may  be  written 

B  ( oc)  ■  B0  F  ( sin  sin  ^  (6)^ 

where  F  (  =< )  ie  the  elevation  pattern  of  the  transmitting  antenna, 
b  is  the  antenna  height  above  ground, 
and  A  is  the  operating  wavelength. 

For  small  (2°)  grazing  angles,  it  will  be  assumed  that  ?(er<)  la  con¬ 
stant  and  normalized  to  unity  over  the  angles  («=<)  of  interest.  If  x 
is  the  target  height  above  ground 

sin  ^  ~  tan  |  (7 ) 

where  R  is  the  range  length. 


Using  this  assumption,  the  far  field  may  be  writtan  as  a  function  of  the 
target  height  x  as 

B  (x)  •  Eo  sin  (  2  77"  hx/  A  R)  *  (8) 

Tide  then  represents  the  multilobed  far  field  elevation  pattern  from  a 
transmitting  antenna  located  proximate  u>  thv  ground.  The  form  of  the 
field  is  shown  by  the  solid  line  in  Figure  Ii.  The  dotted  line  repre¬ 
sents  ?(•<),  the  far  field  elevation  pattern  of  the  transmitting  an¬ 
tenna.  If  the  first  lobe  of  the  structure  is  considered,  it  is  aeen 
that  the  aasung)tion,that  F  («*c)  is  constant  over  the  angles  of  interest, 
is  most  valid.  The  true  validity  is,  of  course,  dependent  upon  the  beam 
width  in  the  elevation  plane  of  the  transmitting  antenna.  The  far  field 
power  pattern  may  be  written 


P  (x)  •  20  log  ^ein 


2  rr  hx 


)• 


(9) 


The  target  height  Xq  may  be  fixed  at  the  peak  of  the  first  lobe  by  the 
condition 

2  7f  h  xq  _ 


4- 


which  reduces  to  A  R 


h  h  x0 


(10) 

(n) 
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Figure  It  -  Power  Lobe  Structure 


I 
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Since  the  range  length  can  be  found  by  other  means,  e.g.,  the  plane  vavc 
criteria  and  the  amplitude  variation  criteria  in  the  longitudinal  direc¬ 
tion  bo+h  yield  minimum  range  values,  the  range  at  this  point  will  to  a 
fixed  constant.  It  is  left  then  to  uniquely  determine  the  values  ot  h 
and  x0  for  a  given  acceptable  amplitude  variation  over  the  verti|'o l  tar¬ 
get  aperture. 


Equation  (10)  applied  to  the  peak  or  the  first  lobe  becomes 

20  log  Bin  (  27r  h  I 

\  Ah  ) 

Similarly,  one  may  write 

20  log  sin  2yh  xp  . 

AR 

where  X]_  is  the  height  of  the  lower  edge  of  the  tnrv^r.i.  eportui-o  a  .id  A  \  - 
the  power  level  at  this  point  measured  in  minus  decibels  from  the  neak 
of  the  lobo.  It  ie  recognized  that  (xq  -  xi)  is  one  half,  assuming  a 
symmetrical  target,  of  the  vertical  dimension  of  the  target  aperture. 


-  0  (db)  (12) 

A  (db)  (11) 


For  a  given  allowable  variation  (A)  at  x^,  the  vai>;e3  cr  h  and  xo 
may  be  computed.  Solving  equation  (13)  for  xj,  yields 


X1  - 

JL* 

2  TTh 

•jsin 

*l  [ l08*1  (55)]} 

(11*) 

Subtracting  (U4)  ftrom 

(11)  ona  rearranging  yield*; 

h  A  x 

-  K 

Aft  , 

(  r  A  1 

)  (15) 

where  A  x 

“  *0 

"  X1 

«n A  K  .  r  -  1  Sin"1  hog-1  Toj 

L 

Therefore,  once  the  range  hae  been  determined,  and  the  vertical  aperture 
dimension  and  the  allowable  an>Hbude  variation  havf.  been  deter¬ 

mined,  a  unique  antenna  height  h  can  be  found  from  equation  (15).  The 
unique  solution  for  x0  Is  then  given  by  equation  (ll). 


TAROF”  SUPPORT  SYSTEM 

The  eingle  most  obvious  problem  in  the  Quasi-doppler  technique  ie 
that  of  the  motion  of  the  target  support.  Certainly  any  structure  which 
supports  the  target  during  its  motion  must  also  be  mevin,"  and  therefore, 
tfilJ  also  yield  a  power  return  which  will  effectively  am  to  the  target 
return  and  contribute  to  the  modulating  effect.  Varioue  forms  of  low 
density  and  dimensionally  small  physical  structures  have  been  employed 
with  varying  degrees  of  success. 

For  oertsln  target  shape®,  a  epeclal  mount  has  been  devised  and  euc- 
caoofblly  employed.  Such  a  mount  is  shown  in  diagram  form  in  Figure  3. 
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It  consists  of  a  small  cantilever  beam  extending  through  a  small  opening 
in  a  very  large  wall  of  absorber  material.  A  linear  actuator  behind  the 
wall  moves  the  beam  either  toward  or  away  from  the  transmitting  antenna. 
The  target  is  mounted  on  the  extended  end  of  the  beam.  Optically,  the 
only  motion  seen  from  the  antenna  is  that  of  the  target  since  the  absor¬ 
ber  wall  is  fixed  and  the  target  itself  hides  the  beam.  Certainly  <“or 
many  targets,  such  as  spheres,  or  cone  spheres  which  have  large  for¬ 
ward  scattering  properties,  such  a  device  would  not  be  applicable.  How¬ 
ever,  for  certain  target  configurations,  it  is  well  suited. 

Consider,  for  example,  a  regular  cone  with  a  concave  base.  If  the 
diameter  of  the  base  is  much  larger  than  the  cross  section  dimension  of 
the  cantilever  beam,  the  effect  of  the  beam  motion  can  be  considered 
very  small.  The  diffraction  at  the  edge  of  the  cone  base  will  be  appre¬ 
ciable.  However,  only  a  very  small  portion  of  this  will  be  affected  by 
the  motion  of  the  beam.  Most  of  the  diffracted  energy  will  instead 
illuminate  the  absorber  wall  which  is  fixed.  Another  effect  this  syst 
introduces  is  the  change  in  the  shadow  area  on  the  absorber  wall  as  the 
target  is  moved.  This  could  be  more  significant  than  the  effect  of  the 
beam  itself.  However,  if  the  range  length  is  very  large  relative  to  the 
wavelength,  the  change  in  the  shadow  with  target  motion  of  one-half  wave¬ 
length  could  be  negligible.  This  will,  of  course,  be  a  function  of  the 
effectiveness  of  the  absorber  material  itself. 


DATA  REDUCTION  AND  ANALYSIS 

In  order  to  determine  the  absolute  radar  cross-section  of  any  arbi¬ 
trary  target,  a  reference  target  of  known  cross-Bection  must  be  measured 
under  similar  conditions.  For  this  purpose,  a  simple  flat  plate  can  be 
mounted  and  moved  in  the  same  manner  as  the  test  target. 

It  has  been  found,  however,  that  a  fixed  reference  located  near  the 
test  target,  but  such  that  its  presence  does  not  appreciably  perturb  the 
illumination  of  the  target,  will  serve  as  a  standard  reference  and  also 
yield  additional  correlation  to  the  measured  data.  It  mist  be  noted  that 
slightly  poorer  accuracy  will  result  from  using  a  fixed  rather  than  mov¬ 
able  reference.  The  problem  of  data  analysis  can  be  best  understood  by 
considering  a  typical  pattern  such  as  that  shown  in  Figure  5,  The 
curves  on  the  recording  are  identified  as  follows: 

1)  Linear  Actuator,  without  target,  moved  through  A/2.  Fixed  re¬ 
ference  is  not  in  the  field. 

2)  Linear  Actuator,  with  target  mounted,  moved  through  A/2.  Fixed 
reference  is  not  in  the  field. 

3)  Linear  Actuator,  with  target  mounted,  moved  through  ^2» 

Fixed  reference  is  in  the  field, 

h)  Linear  Actuator,  without  target,  moved  through  X/2.  Fixed 
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Figure  $  -  Typical  Quael-dopplcr  Pattern  Recording 
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reference  is  placed  in  the  field. 

Each  recorded  curve  will  yield  two  levels  by  use  of  Figure  2,  one 
being  the  fired  return  and  the  other  being  the  return  from  whatever  in 
the  field  is  moving.  It  is  not  always  obvious  which  level  is  which  re¬ 
turn.  This  problem  can  generally  be  solved,  however,  by  cross  correla¬ 
tion  between  the  several  curves.  To  illustrate  this,  assume  that  the 
four  patterns  were  recorded  in  the  order  in  which  they  are  listed. 

Curve  1)  shows  a  10.0  db  peak  to  null  variation.  Referring  to 
Figure  2,  it  is  seen  that  one  of  the  tv;o  levels  is  then  3.6  db  down  from 
the  peak  and  the  other  is  9  oh  db  below  the  peak.  These  are  indicated  by 
points  A  and  B  respectively.  One  of  tnese  levels  represents  the  average 
background  level,  and  the  other,  the  return  from  the  moving  empty  mount. 

Which  level  represents  which  return  cannot  be  determined  at  this  point. 

Curve  2)  has  a  8.0  db  peak  to  null  variation.  Tins  yields  one  level  3*5 
db  below  the  peak  and  the  other  10.2  db  below  the  peak.  These  levels 
are  labeled  C  and  D  respectively.  Since  one  of  these  levels  must  repre¬ 
sent  the  target  return,  and  the  other,  the  average  background  level,  it 
appears  at  this  point  as  though  points  D  and  A  must  be  the  average  back¬ 
ground  since  they  are  approximately  the  same  level.  This  might  be  suf¬ 
ficient,  in  certain  cases,  vihere  only  relative  measurements  are  required 
(such  as  between  different  aspect  angles).  However,  for  absolute  results 
a  suitable  reference  must  also  be  measured. 

Curve  3)  recorded  with  the  empty  mount  moving  and  fixed  reference 
mounted  in  the  field  shows  a  peak  to  null  variation  of  0.7  db.  Thi3 
yields  one  level  O.li  db  below  the  peak  and  the  other  level  29 .0  db  below 
the  peak.  These  are  indicated  by  points  E  and  F  respectively.  One  of 
these  levels  represents  the  return  from  the  moving  empty  mount  and  the 
other  combined  return  from  the  fixed  reference  and  the  background  added 
in  some  random  fixed  phase.  These  are  indicated  by  points  E  and  F  res¬ 
pectively.  Comparison  of  this  with  Curve  1.)  would  point  to  the  fact 
that  points  B  and  F  yield  the  level  of  the  empty  mount  and  point  E  re¬ 
presents  the  return  from  the  reference  plus  background.  Additional  cor¬ 
relation  results  from  Curve  h).  The  peak  to  null  variation  is  3.6  db 
yielding  one  level  1.6  db  below  tne  peak  and  the  other  15.6  db  below  the 
peak.  These  are  marked  G  and  H  respectively.  Point  G  must  be  the  com¬ 
bined  return  from  the  fixed  sphere  and  the  background  and  point  H  that 
from  the  target,  which  agrees  with  its  value  as  concluded  from  Curve  2), 
i.e.,  point  C. 

The  actual  level  of  the  standard  reference  may  now  be  assigned  an 
accuracy  figure  determined  by  its  level  compared  to  that  of  the  back¬ 
ground.  In  the  example  cited,  since  the  reference  is  approximately  ?3 
db  above  background,  its  accuracy  Is  about  10,8  db.  The  accuracy  of  the 
absolute  measurement  of  the  target  is  then  of  the  same  oroer.  Notice  j 

then  that  a  target  that  yields  a  return  less  than  10  db  abovo  background 
which  would  by  conventional  measuring  methods  have  associated  with  it, 
an  accuracy  (from  Figure  1)  of  +2.5  t.o  -3.5  dh  now  has  a  measurement 
accuracy  better  than  ±1.0  db. 
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The  method  will  apply  equally  well  to  much  omailcr  targets  fcirv-o  tna 
accuracy  of  the  measurements  actually  dopondo  upon  the  Accuracy  that  can 
be  given  to  toe  measurement  of  tno  reference.  A  suitably  'large  refer¬ 
ence  can  be  chosen  at  will. 


PROBLEM  AREAS 

Many  problercs  encountcrod  in  radar  crone -suction  moncur /monte  are 
common  to  ary  methoa  or  technique  employed.  Among  these  are  frequency 
and  power  stability,  target  support  reflections  and  target  iJ.lt  minatlor,. 
The  first  of  these  can  bo  adequately  controlled  by  us*  of  crystal  con¬ 
trolled  eources.  Contir.uoua  frequency  and  power  monitoring  system*  are 
suggested  as  checks  during  a  test  operation.  Support  reflections  have 
been  minimized  for  certain  Carpet  configurations  by  the  mount  described 
earlier.  Proper  target  illumination  has  been  achieved  to  within  toler¬ 
able  limits  by  proper  rang*  p  irametor  requirement* , 

Certain  other  problems  arise  in  the  use  of  the  Quasi -ioppler  tech¬ 
nique.  Among  these  is  the  changing  shadow  effect  during  target  motion. 
This  is  minimlted  by  increased  range  length.  Another  problem  arising 
from  target  motion  is  that  of  varying  aspect  angle  as  the  target  moves. 
This  can  bs  eliminated,  in  the  monoetntio  oaee,  by  using  a  single 
ap+erma  and  hunting  it  at  the  same  height  as  the  tercet.,  Troper  lo¬ 
cation  of  the  standard  reference  in  the  Illuminati  on  fi-*M  is  extreme¬ 
ly  important.  Its  location  must  be  euoh  that  its  illumination  is 
essentially  the  same  as  tno  target's  (or  with  it  known  difference  between 
the  two)  and  alec  nuch  that  the  preoenoe  of  either  does  not  perturb  the 
illumination  of  the  other.  Probably  the  moat  significant  problem  yet  to 
be  solved  le  t,ne  support  structure  for  targot  r  of  any  given  chape. 
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ABSTRACT 

The  successful  radar  orouo -sect Ion  measurement  range  requires  a 
unique  combination  of  excellent  electronic  circuitry  and  mechanical  In¬ 
strumentation  and  the  minimization  of  unwanted  reflections  of  electro¬ 
magnetic  radiation  from  the  surrounding  environment.  Of  the  three  basic 
faotors  Involved,  the  most  important  Is  control  of  unwanted  reflections, 
since  the  degree  of  precision  of  control  determines  the  ultimate  sensi¬ 
tivity  of  the  entire  measurement  oyctem.  This  paper  is  devoted  to  the 
design  principles  Involved  In  reducing  spurious  responses  associated 
with  the  undeoired  signal  returns  from  physical  environment,  particu¬ 
larly  in  regard  to  Indoor  facilities. 


INTRODUCTION 

In  general,  the  perturbations  Introduced  by  range  environment  can  be 
classified  Into  two  broad  areast 

1.  Background  cross  soctlon,  or  the  Inherent  return  received  from 
the  range  without  a  target  In  place,  and 

2.  B1  static*  Interactions,  or  the  coupling  between  the  target  and 
environment. 

Of  the  two,  background  level  is  most  easily  recognized  and  measured, 
since  it  Is  the  residual  signal  found  without  a  target  in  place.  Bistatic 
effects,  which  are  more  difficult  to  determine,  are  not  usually  considered 
In  terms  of  range  limitation,  hence  tend  to  be  ignored  in  range  specifi¬ 
cation. 

Both  background  cross  section  and  bistatic  interaction  aie  present  In 
all  ranges  to  some  degree,  whether  indoors  or  out.  However,  these 
effects  are  usually  more  noticeable  In  the  Indoor  case,  since  the  room 
reserved  for  measurement  behaves  In  a  manner  similar  to  a  gigantic  mi¬ 
crowave  cavity.  The  success  of  the  indoor  range  thus  depends  primarily 
upon  the  introduction  of  loss  terms  In  this  cavity  to  achieve  a  very  low  Q, 
as  far  as  the  radar  is  concerned,  for  all  possible  targets.  In  the  case  of 


The  term  "bistatic"  alone  Is  commonly  accepted  as  referring  to  a  dual 
antenna  radar  or  radar  range  system.  Throughout  this  report  It  Is  used 
In  conjunction  with  tormlnology  such  as  "Interactions  to  denote  a  multi¬ 
ple  reflection  path  Involving  the  target  model.  Only  once,  in  Fig.  4, 
it  ts  used  In  the  "conventional"  manner. 
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continuous  wave  (CW)  measurements,  spurious  reflections  are  received 
continuously,  thus  the  achievement  of  a  sufficiently  low  room  background 
is  completely  dependent  on  physical  absorbers.  The  use  of  a  pulse 
system  permits  some  of  the  backwall  and  target  multipath  reflections  to 
be  partially  eliminated  by  gating. 

Basic  to  solution  of  the  problem  is  the  use  of  radar  absorptive  mater¬ 
ial  to  achieve  the  necessary  attenuation  for  the  low  Q's  required.  Not 
only  is  the  choice  of  material  important,  but,  as  in  the  usual  cavity  case, 
so  are  absorber  orientation,  geometry  and  placement.  The  discussions 
that  follow  are  devoted  to  the  design  principles  involved  in  achieving  high 
performance  (high  loss)  while  still  observing  the  desirable  engineering 
goal  of  economy. 

TECHNICAL  APPROACH 

Of  primary  concern  in  indoor  range  design  are  the  perfornance  char¬ 
acteristics  of  the  materials  used  for  attenuating  reflections,  since  these 
materials  play  such  a  strong  role  in  determining  range  performance.  It 
is  needless  to  say  that  the  material  used  should  have  as  high  an  absorp¬ 
tion  as  possible.  This  material  is  usually  rated  in  terms  of  its  absorp¬ 
tion  at  normal  incidence. 

Just  as  important  as  the  material's  normal  incidence  reflection  co¬ 
efficient,  however,  is  its  behavior  for  off-normal  incidence.  Typical 
of  high-performance,  commercially  available  absorbers  is  an  extreme 
variation  of  the  material's  reflection  coefficient  with  angle  of  incidence. 
Usually  constructed  with  front  surface  matching  sections  of  cones,  pyra¬ 
mids,  etc.  ,  the  absorber  behaves  in  a  decidedly  nonspocular  manner, 
with,  in  some  cases,  a  40  db  increase  in  reflection  coefficient  noted  for 
a  20  degree  departure  from  normal  incidence. 

This  effect  is  displayed  in  Fig.  1  for  K  band,  and  Fig.  2  for  X-band. 

The  data,  presented  in  terms  of  median  values,  were  obtained  from  samples 
larger  than  incident  beamwidth  to  insure  elimination  of  edge  effects.  Each 
sample  was  backed  with  an  aluminum  plate  of  the  same  size  as  the  sample 
to  obtain  direct  correlation  between  angular  behavior  of  the  plate  and  sam¬ 
ple.  The  equivalent  specular  reflection  coefficient  used  as  the  ordinate 
on  those  figures  is  obtained  by  dividing  power  actually  received  by  that 
which  a  metallic  plate  would  have  produced. 

The  curves  shown  in  Figs.  1  and  2  clearly  illustrate  the  degree  of  non- 
specular  behavior  of  the  material,  since  total  return  is  given  by  the 
product  of  antenna  side-lobe  gain  squared  and  effective  reflection  co¬ 
efficient.  Note  that  one  sample  at  Ka  band,  the  hair  mat  material  HM 
125,  had  an  equivalent  specular  greater  than  unity,  indicating  that  a  flat 
metallic  plate  would  have  a  smaller  back-scattered  signal  at  the  same 
incidence  angle. 

The  data  presented,  typical  of  materials  tested  at  Cornell  Aeronautical 
Laboratory,  clearly  shows  that  optimum  range  design,  predicated  on  high 
loss  to  achieve  a  very  low  Q,  requires  energy  incident  on  the  absorber  to 
be  nearly  normal  at  all  times.  As  a  general  rule,  the  incidence  angle 
should  not  deviate  from  the  normal  incidence  case  by  more  than  approxi¬ 
mately  10  degrees. 
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Of  importance  equal  to  the  use  of  absorbers  within  the  room  to  achieve 
a  low  effective  Q  is  the  actual  prevention  of  some  of  the  transmitted  energy 
from  entering  the  room.  For  example,  the  ideal  antenna  for  range  appli¬ 
cation  would  have  a  main  lobe  consistent  with  the  physical  aperture  em¬ 
ployed,  while  all  side  lobes  would  be  zero. 

This  condition  cannot  be  completely  met  by  an  antenna  structure.  It 
is  definitely  not  approached  by  normal  or  conventional  antenna  practice. 
The  normal  antenna  exhibits  at  most  -40  db  sidelobes,  whether  a  horn  or 
parabolic  reflector  is  employed. 

Cornell  Aeronautical  Laboratory  ha3  effected  side  and  back  lobe  con¬ 
trol  by  the  technique  illustrated  in  Fig.  3.  This  technique  uses  the  origi¬ 
nal  antenna,  here  called  the  primary  aperture,  to  illuminate  a  secondary 
aperture  centered  on  the  main  beam  axis  and  located  a  short  distance 
away  from  the  primary  aperture. 


A  box,  lined  with  radar  absorbent  material,  surrounds  primary  and 
secondary  apertures.  The  exit  aperture  is  the  same  dimension  as  the 
primary  aperture,  while  the  lining,  consistent  with  the  angular  behavior 
of  absorbers  shown  above,  is  oriented  so  as  to  be  primarily  normal  to 
electromagnetic  energy  arriving  from  the  feed  and  primary  aperture. 
From  exceedingly  simplified  considerations,  it  can  be  seen  that  side- lobe 
energy  should  be  considerably  reduced,  while  main  lobe  shape  and  gain 
remain  relatively  unperturbed. 


Complete  design  considerations  are  beyond  the  scope  of  the  present  pa¬ 
per  and  show  that  the  simplified  concept  is  essentially  correct,  with  the 
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and  assuming  a  perfect  absorber  lining  the  box. 


^  ol  «  if  Of  • 


Actual  measurements,  made  with  these  enclosures,  have  shown  that  side- 
lobe  level  in  the  shadow  region  is  given  by  the  product  of  original  side-lobe 
level  and  absorber  attenuation. 


So  far  the  discussion  has  not  differentiated  between  the  two  types  of 
measurement  apparatus  used  in  indoor  ranges,  cw  and  pulse,  and  has  out¬ 
lined  only  general  methods  for  reducing  extraneous  signals.  It  is  well  at 
this  point  to  consider  in  detail  the  effect  of  specific  apparatus  upon  room 
design. 

Figure  4  illustrates  the  two  basic  configurations  used  for  cw  measure¬ 
ment  of  radar  cross  section.  Here  background  cancellation  is  accomplished 
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Figure  3  TUNNEL  ANTENNA 
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by  tapping  part  of  the  transmitted  signal,  and  with  appropriate  phase  and 
amplitude  adjustment,  using  this  signal  to  cancel  energy  returned  from  the 
room.  Background  cancellation  is  possible  for  all  room  configurations, 
dependent  solely  upon  the  frequency  stability  of  the  microwave  source  and 
compensating  network. 

Under  the  assumption  of  perfect  electronic  circuitry,  it  may  appear 
that  reduction  of  the  absolute  level  of  background  is  not  a  prime  concern, 
since  background  signal  can  be  balanced  out  electrically.  This  is  not  the 
case,  however,  since  a  large  background  level  implies  reflected  waves 
that  illuminate  the  target  from  the  wrong  direction  and  introduces  bi¬ 
static  scattering  effects.  For  the  cw  case,  background  and  bistatic  in¬ 
teractions  are  interwoven  and  the  multipath  reflections  cannot  be  separ¬ 
ated  from  the  direct  target  model  reflection.  A  reduction  of  background 
level  is  required  for  consequent  reduction  bistatic  coupling. 

For  the  simplest  room,  a  rectangular  shape  with  a  radar  at  one  end, 
a  flat  wall  beyond  the  target  area  is  lined  with  absorber  to  attenuate  the 
transmitted  signal  that  travels  beyond  the  target  area  (see  Fig.  5).  The 
return  from  the  wall  is  given,  in  terms  of  cross  section,  as: 

<J~LO  *  ^ 

Gi>  =  wall  cross  section 
p  -  power  reflection  coefficient 
-  range  from  radar  to  backwall 

Additional  returns  are  also  found  from  antenna  sidelobe  effects;  here 
side  walls  are  illuminated  at  glancing  incidence,  and  after  multiple  re¬ 
flection,  enter  the  receiving  apparatus.  In  general,  such  returns  are 
muchle86  than  that  from  the  rear  wall  and  can  be  evaluated  only  for  a 
particular  room  size  and  antenna(s).  For  purposes  of  discussion,  it  can 
be  assumed  that  the  principal  source  of  background  is  the  backstop. 

The  ratio  of  power  received  from  the  target  to  that  received  from  the 
wall  is  found  to  be: 

<Tr  =  target  cross  section 
=  range  to  target 

Since  the  wall  return  can  be  cancelled  to  some  degree  during  a  measure¬ 
ment  period,  expressed  as  a  fraction  ( -ft,  )  of  total  wall  return,  the  lower 
limit  of  effective  measurement  is  given  by: 

cn  -- 


For  a  given  factor  ,  denoting  the  stability  of  cancellation,  and  a 

given  (#<  ,  denoting  a  particular  measurement  accuracy  (usually  100), 
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smaller  target  crons  sections  appear  to  require  a  lftreer  R,  However, 
K,  i«  al»o  a  iunction  of  ,  and  an  increase  in  K,  decreases  the 

stowable  value  of  Jt,  For  example,  lei  the  room  be  dimensionally 
stable,  but  allow  the  microwave  source  to  have  a  limited  frequency 
stability  expressed  in  fractional  form  as  .  Under  this  condition,  the 
r*t/o  of  v/all  return  (in  power)  to  that  from  the  target  is  given  by: 

<r,  -  TTJ±rnl  SjL^  tftl' 


ana  the  minimum  cross  seetton  that  can  be  measured  is  independent  of  range 
to  the  back  wall.  In  fact,  if  the  t ar-tone  criteria  is  substituted  for  , 
tne  minimum  cross  section  that  can  be  measured  with  1  db  accuracy 

(  «  •••  )  la 

Cy  i  rr  {  *'!***  fig)  *  ,tu 


it  *  target  length  in  number  of  wavelengths 

Three  factors  thus  determine  minimum  measurable  cross  section  (from 
the  background  alone).  Those  three  ate  the  frequency  stability  of  the  rf 
source,  target  length  and  absorber  efficiency.  Figure  6  is  a  plot  of  re¬ 
quired  frequency  stability  permitting  the  measurement  of  a  given  cross 
section  at  a  one  db  measurement  accuracy  as  a  function  of  target  length 
and  absorber  reflection  coefficient. 

home  improvement  tan  be  noted  by  slanting  thn  back  wall,  in  which  case 
(lie  minimum  meaeoiablv  crons  section  is  reduced  by  a  (actor  proportional 
to  tiie  <  at  io  offide-lobe  gain  to  main  beam  gem  squared.  However,  fi 
is  elso  si  4 1*  dependent,  rising  for  off-normel  aspect*  and  limiting  tne 
imprcivsina nt  sought,  For  example,  euppoee  an  X-hand  equipment  is  used 
with  an  aruvnnn  beamwidth  of  b.  3  degrees  and  a  first  side  lobe  13  db 
lielow  the  inslii  beerri  gain,  Although  the  return  from  the  w#U  will  be 
down  by  1 6  db,  through  the  sldrlobe  reduction  of  antenna  gain,  absorber 
efficiency  is  also  decreased  by  26  db  (see  Fig.  2  for  VHP-J),  and  the  net 
imp  rove  inn  lit  is  r.eru  db, 

An  improve  merit  u/sr  the  canted  wall  is  possible  if  the  rear  wall  is  med* 
noii-plansi  .  For  example,  1st  the  rear  wall  be  a  convex  bull's-eye  such 
as  s  parabola  viewed  along  the  axle  of  itymmiry,  Than  assuming  ths  angle 
bvl'/een  surface  normal  to  the  wall  and  the  incident  ray  along 


flume  are  generally  used  In  tv/  radar  truer  sot  u-m  lunges  hr  cause  of 
(heir  inherently  low  VbWI  .  wit),  the  horn's  high  t  tl»  lube  level  tolerated. 
A  null,  better  antenna  for  (ids  application  appears  to  be  the  short  focus 
jnitf,  with  matching  auctions,  iti  provide  built  low  VtiVVK  end  side  iobve- 
li  Is  not  known  at  this  Urns  wlietner  this  Inns  has  fuutm  application  In  en^ 
n  rangr  . 


the  first  pattern  null  is  held  to  less  than  20  degrees,  the  effective  wall 
cross  section  is  reduced  by  approximately  .  625  ,  where  ©5  is 

the  half  power  beamwidth  of  the  antenna  in  radians.  A  20  db  reduction 
is  possible  over  the  flat  wall  case  for  antenna  beamwidthsof  less  than 
7.5  degrees.  (See  Fig.  7.  )*  From  the  foregoing,  it  can  be  seen  that 
the  combination  of  an  excellent  absorber  with  a  source  exceedingly 
stable  in  frequency  usually  allows  the  measurement  of  almost  any  target 
in  the  cw  range.  (See  Fig.  6).  The  limitations  that  do  exist  lie  pri¬ 
marily  in  bi- static  effects. 

Figure  5  illustrates  the  ray  geometry  for  bistatic  interaction  paths 
into  the  receiver.  For  planar  walls,  first  order  multipaths**  can  be 
treated  most  expeditiously  in  terms  of  images,  as  shown.  From  the 
figure,  the  following  signals  can  be  denoted: 

El,  the  path  from  transmitter  to  target,  to  image,  to  image 
antenna  (left  wall) 

E2,  ditto,  for  right  wall 
E3,  ditto,  for  floor 
E4,  ditto,  for  ceiling 

These  signals  will  be  notedas  group  one. 

E5,  the  path  from  antenna,  to  target  image,  to  image 
antenna  (left  wall) 

E6,  ditto,  for  right  wall 
E7,  ditto,  for  floor 
E8,  ditto,  for  ceiling 

These  signals  will  be  noted  as  group  two. 

E9,  the  path  from  antenna,  to  target,  to  image  antenna 
(left  wall) 

E10,  ditto,  for  right  wall 
Ell,  ditto,  for  floor 
El 2,  ditto,  for  ceiling 

These  signals  will  be  noted  as  group  three. 

El  3,  the  path  from  antenna  ,  to  target,  to  image  antenna, 
back  wall  (the  forward  scatter  case) 

For  group  one  Interactions,  the  powor  contained  in  extraneour  received 
signals  is  given  by: 

^  ■  received  power 

«rrc4TT)»  r ;  r; 

TP  ' 

Thu  shape  shown  wps  chosen  to  obtain  a  frequency  independent  return 
over  an  extremely  wide  frequency  range.  It  doet  not  necessarily  repre¬ 
sent  the  optimum  wall  shape  lor  minimum  cro»'i  section  over  a  limited 
frequency  bnnd. 

e* 

It  Is  assumed  that  two  bounce  reflection"  or**  much  smaller  than  the 
direct  term,  hence  the  major  concern  1»  for  first-order  multipath. 
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where  T{r  *  bletatlc  croee  section  between  target  end  Image,  the 
subscript  denoting  which  wall  interaction 

=  twice  the  range  from  target  to  wall  cauelng  interaction 

p  -  reflection  coefficient  of  wall  cauelng  interaction 


Of  all  the  target#  considered  for  measurement  In  the  range,  perhaps 
the  moet  severe  In  term*  of  strong  biatstic  effects  le  a  flat  plate.  The 
ratio  of  biutetia  cross  section  to  monostatic  cross  section  for  this  tar¬ 
get  is  quite  high  and  known,  hence  It  makes  an  Ideal  tool  for  evaluating 
range  performance.  Using  this  target,  the  ratio  of  received  blstitic 
power  to  monostatic  power  becomes: 


T  tfn 

4T 


s  iZ.'lt'i 
A**  'R.J? 


assuming  a  square  plate  is  used  in  length  l  . 

p 

The  usual  requirement  on  accuracy  Is  that  <0,01,  for  1  db  mca- 

a ursine nt  accuracy.  Assuming  the  target  is  10  wavelength  on  edge  ) 

the  required  dimension  from  the  wall  In  question  to  target  area  becomes: 

Rj  =  *  "'** 


Using  an  absorber  within  >0.01,  the  dletence  from  wall  to  target  is 
2230  A  ,  Indicating  a  considerable  room  alxe.  For  example,  with  a 
1  cm  wavelength,  the  necessary  room  length  baoojnes  14fl  feet. 

To  obtain  a  reasonable  room  #l*e,  the  absorber  would  have  to  equal  at 
least  10"*,  at  which  point  room  width  is  a  nominal  14. d  feet.  Successful 
room  treatment  thus  requires  a  circumferential  band  of  high  quality  ab¬ 
sorber  material  about  the  turget  area,  of  such  width  ss  to  encompass  at 
least  the  first  lobe  of  the  targot  pattern  (about  2  degrees  for  a  10  A  tar¬ 
get). 

Group  two  und  three  paths  are  identical,  so  that  the  power  received 
(bistatio)  is  given  by 

Pan  4  Q  (.*)  AttC» 


where  &e)  antenna  sldelobe  gain  at  angle  S  ,  n  denoting  tho  source 
of  interference 

t(T*n  ■  bietatio  cross  section 
£  n  »  range  to  image 

^  m  effective  reflection  coefficient  at  tho  wull 

Ae  before,  the  ratio  of  bietatio  power  to  monoetatic  backscatter  power 
is  important,  hence  for  the  10  A  flat  plate: 
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In  the  general  caie  hence  the  ratio  can  be  assumed  to 

have  a  value  of  1/2  (a  pessimistic  value).  The  ratio  becomes 

Pan  ,  47Tt  Grim)  pr>  (iuej 

Cr 


With  the  requirement  for  =0,01  (for  1  db  accuracy),  the  side 

lobe  ratio  required  of  the  antennas  becomes: 

(a  (9)  -  i  o  '  ^ 

Cr  4T 


Since  the  best  of  absorbers  yield  a  of  10"  3  or  higher  for  angles 
greater  than  about  10  degrees,  the  antenna  sidelobe  that  "looks"  at 
target  image  must  not  exceed  2.  5  x  10*3  0r  -26  db.  Further  reductions 
are  possible  to  achteve  lower  sidelobe  levels  with  the  tunnel  structure 
previously  discussed. 

Evaluation  of  back  wall  interaction  terms  cannot  proceed  with  the  con¬ 
venient  flat  plate  target,  because  the  ratio  of  forward  scatter  to  back 
scatter  is  not  sufficiently  high.  Here  evaluation  must  proceed  through 
the  use  of  a  target  with  high  forward  scatter,  but  low  back  scatter.  For 
design  purposes,  this  ratio  can  be  assumed  to  be  40  db.  The  ratio  of 
received  powers  (from  bistatio  lnteraotion  and  direct  return)  is  given  by: 

Pa  -  Ct  (»)  R?  p  m 


where  R  *  IA(L  f  and  the  distance  from  target  to  back  wall  is  d.4 

a 

With  a  bulged  buck  wall  employed  <6ir*lb  and  for  a  p  of  10”*, 

we  find  !*J  t  =  '/a  •  Since  H,  •  2,  +  . /aft  ,  the  distance  from  target 

to  back  wall'  must  be  no  less  than  0.  366  R^. 

There  is  another  Interaction  found  with  the  back  wall,  the  target-target- 
image  path.  Assuming  a  forward  to  back  scatter  ratio  of  10+4,  the  power 
received  from  this  path  for  a  normal  flat  wall  is: 
p.  »  *,0$ 

4tn>*  <1,4  4r,  (  »4«)‘ 

271 


SIS 


iuajyq 


TH 


ifl 


-  -  *  '•  •' •  -  «■* ■  •  u  .  '4  -  »*  r* s  -* , 


The  ratio  of  this  power  to  backscatter  power  is: 

Q  cry  x  i  oa  p 

P**j  4-tt  (  s  *»«.)*• 

and,  with  '-if,*,  required  to  be  0.  01 ,  and  assuming  p  =10  ,  the 

required  distance  between  target  and  backwall  becomes: 

^  R.  =  1  fg>  x/c? 

♦  »  TT 


Using  a  bulged  wall,  the  bistatic  power  return  can  be  reduced  by  15 
db,  and  _  3 
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If  caR  is  assumed  .  366R2,  then  the  maximum  target  that  can  be 
measured  with  accuracy  is  '*>0*.*  Increasing  to 

equal  12%  allows  measurement  of  targets  as  large  as  4.8  . 

A  nominal  choice  of  =10  (target  length  =  10  A  )  yields  a  target  cross 
section  as  large  as  4&Aa. 

From  the  analysis  presented,  evaluating  environmental  effects,  a  room 
can  be  outlined  to  satisfactorily  measure  almost  aqy  target,  given  the  spec¬ 
ifications  of  target  dimension  and  expected  cross  section.  Quite  sur¬ 
prisingly,  the  analysis  points  out  that  background  in  itself  is  not  a  limiting 
factor  in  accuracy;  the  limitations  arise  from  coupling  terms  associated  - 
between  target  and  environment,  a  specification  that  is  rarely  used  for 
range  description. 

Using  the  equations  developed,  a  sample  room  design  can  be  given. 

The  room  is  shown  in  Fig.  8,  using  a  flat  back  wall.  The  targets  to  be 
measured  in  this  range  are  10  A  long,  with  a  maximum  forward  scatter 
to  backscatter  ratio  of  40  db.  Using  an  rf  source  having  a  frequency 
stability  of  1  part  in  10?  over  a  measurement  period,  a  target  of  57 
db  below  could  be  measured.  At  this  level,  the  measurement  limi¬ 
tation  lies  with  the  method  of  target  support,  a  subject  not  covered  in 
this  paper. 

Figure  9  and  10  are  illustrations  of  a  cw  range  currently  in  use  at 
Cornell  Aeronautical  Laboratory.  Operating  at  Ka  band,  the  design  was 
predicated  on  targets  no  longer  than  7  .A  .  The  asymmetry  shown  was 
deliberately  introduced  to  immediately  determine  blststlc  effects  on 
symmetric  targets. 

The  configuration  was  developed  from  the  design  principles  outlined  in 
this  paper,  with  certain  compromises  Imposed  by  budget  and  space  con¬ 
straints.  Originally  housed  in  a  room  with  a  height  of  only  14  feet,  the 

y  1  -  \ 

This  value  is  based  on  the  far  zone  criteria  of  X  {**?•)  Xt 
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Figure  8  COMPLETED  ROOM 


Figure  9  PLAN  VIEW  -  CAL  K«Cm  RANGE 


ceiling  is  less  than  the  25  feet  indicated  as  desirable.  Although  its 
present  location  would  now  permit  the  increase  in  height  desired,  it  is 
felt  that  this  change  alone  would  not  warrant  the  effort  required.  Major 
improvements  would  be  effected  only  by  a  complete  redesign. 

The  review  of  possible  room  modifications  revealed  that  the  basic 
limitations  of  the  rectangular  room  could  not  be  overcome  except  through 
use  of  higher  performance  absorber  materials.  It  would  be  necessary  to 
use  materials  of  50-  to  60-db  attenuation  and  a  room  of  much  larger 
dimensions . 

A  proposed  method  for  overcoming  many  of  the  shortcomings  of  the 
rectangular  room  is  found  in  a  configuration  that  is  an  extension  of  the 
curved  back  wall.  If  a  continuously  curved  surface  could  be  provided 
that  had  a  constant  incidence  angle  with  respect  to  the  target  area,  then 
a  considerable  reduction  in  bistatic  interaction  could  be  obtained.  That 
is,  the  images  of  target  and  antenna(s)  would  be  effectively  defocused, 
with  a  consequent  reduction  of  coupling  by  the  amount  of  defocusing 
obtained.  Using  a  10  degree  incidence  angle  for  a  10-wavelength  target, 
approximately  26  db  improvement  could  be  achieved. 

One  method  of  reducing  the  interactions  is  to  provide  a  surface  of  the 
type  used  for  reducing  backwall  reflection t  the  slightly  canted  wall.  If 
a  continuously  curved  surface  could  be  provided  that  had  an  incidence 
angle  that  was  always  1  l/2  beanwidths  off  with  respect  to  a  ray  from 
the  target  area,  then  a  26  db  improvement  could  be  obtained.  That  is, 
the  target  and  its  image  would  see  each  other  only  through  the  side  lobes 
of  the  bistatic  pattern,  and  assuming  a  flat  plate  uniformly  illuminated, 
the  side  lobes  would  have  a  gain  26  db  less  than  the  main  lobe. 

The  curve  satisfying  the  condition  of  constant  angle  with  respect  to  a 
radius  from  a  fixed  point  is  a  logarithmic  spiral.  Unfortunately,  it  is 
not  a  closed  curve,  nor  does  it  lend  Itself  to  providing  the  convex 
surface  outlined  for  a  backwall  reduction.  A  compromise  solution  is 
shown  in  Figure  11.  Here  the  room  is  circularly  symmetric  about  the 
target- radar  axle,  with  the  outer  surface  a  logarithmic  spiral  starting 
at  the  antenna  position  and  continuing  to  a  point  where  the  spiral  is  par¬ 
allel  to  radar  boreeight.  The  center  of  the  spiral  is  located  at  the  tar¬ 
get,  the  spiral  constant  such  that  the  ray  from  the  target  strikes  the  wall 
with  a  10-degree  incidence  angle. 

From  the  point  where  the  spiral  is  parallel  to  boresight  axis,  another 
spiral,  of  the  same  constant,  is  used  to  close  the  room.  The  center  of 
this  spiral  is  located  100  A.  from  the  target  towards  the  backwall.  The 
spiral  dees  not  completely  close  the  room,  however.  At  the  point  where 
incidence  angle  approaches  7  degrees,  the  spiral  is  changed  to  an  arc 
of  a  circle,  tangent  to  the  spiral.  This  curve  is  then  faired  into  the  bull's 
eye  backwall.  all  curves  are  continuous,  at  least  in  first  derivative. 

The  design  prevents  the  target  from  being  illuminated  by  its  image 
except  for  a  small  region  on  the  rear  wall,  where  the  circular  portion 
Joins  the  spiral.  However,  the  radius  of  curvature  of  this  concave  sur¬ 
face  is  small  enough,  and  of  sufficiently  small  angular  extent  (45  degrees) 
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to  effectively  defocus  reflected  energy  and  again  reduce  the  interaction. 

It  is  estimated  that  tne  room  will  be  able  to  measure  targets  of  10/'- 
length  at  a  level  of  10”^  pC  ,  assuming  no  support  errors. 

Presented  here  have  been  design  considerations  for  construction  of  an 
anechoic  chamber  to  be  used  with  cw  radars,  with  representative  examples 
of  rectangular  and  nonrectangular  rooms.  What  has  been  implicit  in 
these  designs  are  three  principles  of  design  practice  that  should  be  care¬ 
fully  observed  for  any  configuration.  These  are: 


1.  To  obtain  maximum  absorber  efficiency  and  room  perform¬ 
ance,  incident  energy  should  strike  the  absorber  in  a  near  nor¬ 
mal  manner,  with  incidence  angle  held  less  than  10  degrees. 

2.  Absorber  should  be  applied  in  smooth  continuous  surfaces,  with 
continuity  of  at  least  first  derivative  preserved.  The  use  of  con¬ 
cave  "traps"  and  side  wall  projections  should  be  deliberately 
avoided. 

3.  Concern  should  be  primarily  with  bistatic  coupling,  not  background 
per  se. 

For  ranges  using  pulsed  radars,  some  relaxation  in  room  require¬ 
ments  is  possible,  since  advantage  can  be  taken  of  electronic  circuitry 
to  accomplish  both  background  and  bistatic  interaction  reduction.  How¬ 
ever,  as  in  the  cw  case,  all  absorbers  used  should  be  oriented  primarily 
normal  to  incident  microwave  energy. 


Because  the  chief  advantage  of  the  pulsed  system  lies  in  range  dis¬ 
crimination,  maximum  utilization  should  be  made  of  this  characteristic. 
Figure  12  illustrates  this  point.  The  shaded  region  of  the  figure  shows 
the  region  within  which  a  return  will  be  detected  by  a  range-gated  receiver 
system  (primary  returns).  With  absorbing  fences  placed  as  shown,  an 
effective  shield  is  formed,  so  that  no  primary  background  return  is  pos¬ 
sible  and  the  idealized  return  of  Fig.  13  obtained.  The  gate  in  the  re¬ 
ceiver,  opening  only  in  time  conjunction  with  the  signal  that  arises  from 
the  target  area,  thus  suppresses  the  fence  returns,  while  emphasizing 
the  target  area  return.  For  a  perfect  gate,  the  primary  background 
return  is  completely  eliminated. 


In  practice,  the  gate  has  only  a  finite  isolation  and  some  fence  return 
signal  does  enter  the  system.  However,  the  fence  signals  do  not  occur 
in  time  conjunction  with  the  signal  from  the  target,  thus  easing  the  re¬ 
quired  ratio  between  fence- return  power  and  target-return  power.  In  most 
cases,  the  ratio  of  target-return  power  to  fence-return  power  need  only 
be  a  nominal  6  db  to  guarantee  a  1  db  accuracy.  The  power  return  from 
the  fences  is  given  by:  x 

■pr  PV  Gle)  n 

where  Gitai  =  antenna  side  lobe  gain 

cj»,  =  range  gate  suppression  ratio,  relative  to  response  at 
center  of  gate 

pr 1  -  absorber  reflection  coefficient 
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=  range  to  fence 

The  maximum  Tatio  of  background  signal  power  to  target  signal  power 
becomes: 

.  Ck  t®/  ~  Zf  pn 

and  the  lowest  target  level  that  can  be  measured  given  by: 

<Tt  -  4TT  1*4XC>„6n 


For  nominal  absorbers  and  range  gate  suppression,  and  a  common 
side- lobe  level  'f  -30db  obtained  from  parabolic  reflectors, it  is  found 
that  background,  first  order,  can  be  held  to  a  level  that  allows  mea¬ 
surement  to  approximately  48*  I  o'  A*  •  (Ilj  :  iOOu  x  ) 

With  first  order  terms  such  a  negligible  value,  the  predominant  factor 
limiting  precision  of  measurement  through  background  is  the  second  order 
terms  that  appear  in  the  range  gate.  That  is,  the  area  preceding  the 
fences  reflects  energy,  from  antenna  side  lobes,  in  such  a  way  that  the 
time  path  is  exactly  equal  to  that  of  the  target  area.  Such  a  path  is  shown 
in  Fig.  12,  where  it  has  been  assumed  a  local  wall  roughness  permitted 
the  change  in  reflection  angle  shown  (local  specular  surface  not  parallel 
to  the  wall). 

Minimization  of  this  source  of  background  can  take  two  courses;  either 
the  walls  are  covered  with  absorber,  an  expensive  method  or  the  antennas 
can  be  modified  to  obtain  better  sidelobe  control.  It  is  apparent  that  the 
ideal  case,  for  the  latter  treatment,  would  permit  30  db  side  lobes  inci¬ 
dent  on  the  fence,  but  infinitely  lovr  side  lobes  on  adjacent  walls  of  the  building. 
Using  the  tunnel  antennas  previously  discussed  in  combination  with 
antennas  of  -30db  side  lobe  level^  the  effective  side  lobe  level  can  be  re¬ 
duced  to  -70  db.  Arranging  the  tunnels  such  that  the  shadow  boundary,  as 
previously  defined,  intersects  the  fence,  it  can  be  seen  that  approximately 
140  db  attenuation  is  possible  with  a  40  db  absorber  on  the  fence.  The 
background  from  this  source  (secondary  effects)  can  thus  be  made  negli¬ 
gible  (less  than  io'  '°Al  ). 

The  backwall  return,  because  it  too  is  discriminated  against  by  time 
gating,  also  proves  negligible,  so  that  the  chief  concern  lies  in  bistatic 
interactions. 

Figure  13  shows  the  two  primary  bistatic  paths  that  are  present  in  the 
range.  From  the  diagram,  it  can  be  seen  that  with  sufficient  space,  the 
paths  can  be  so  arranged  that  path  length  differential  is  greater  than  a 
pulse  width.  Thus  the  target-wall-target  interaction  can  be  reduced  by 
gate  suppression,  while  the  target-wall-receiver  coupling  can  be  reduced 
by  the  product  of  antenna  side-lobe  coupling  and  gate  isolation. 

In  many  cases,  the  room  dimensions  are  insufficient  to  allow  gate 
discrimination  and  target-wall-receiver  interaction.  Other  techniques  are 
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required.  Of  particular  value  is  the  use  of  the  tunnel  antenna  in  con¬ 
junction  with  fence  --  here  considerable  minimization  is  possible,  (see 
Fig.  14). 


For  the  target-wall-target  interaction,  the  measure  of  perform¬ 
ance  is  again  found  in  a  square  flat-plate  target.  Taking  the  ratio  of 
interactions  received  power  to  monostatic  received  power,  as  in  the  cw 
case,  it  is  found 

Is  -- 

P”  x1  V 

where  H  -  edge  dimension  of  the  plate 


<?*  = 
h  - 

fV 


gate  isolation 

reflection  coefficient  of  the  wall 
gate  length,  or  full  room  width 


Assume  the  wall  is  spaced  sufficiently  for  effective  gate  operation, 
rv  -i  o'1  and  minimum  required  ^  =  'f*  .  Under  this  condition, 

even  with  _^>  =  1,  the  interaction  term  proves  negligible.  (For  example, 
with  a  30  nanosecond  gate,  operating  at  Ka  band,  target  size  would  have 
to  be  100  A  before  an  effect  would  be  noticed.  )  Application  of  absorber 
(  f  -  10"4)  would  allow  another  order  of  magnitude  in  target  size. 


From  an  engineering  view,  elimination  of  the  target-wall-receiver 
coupling  by  providing  the  dimension  required  for  gate  discrimination  does 
not  seem  practical  since  room  size  can  get  quite  out  of  hand. 


With  a  fence  required  for  background  reduction,  as  well  as  a  tunnel 
antenna,  both  can  be  employed  effectively  here  as  well.  Using  fence 
location  so  that  the  ray  from  target  area  past  the  fence  edge  strikes 
the  ground  beneath  the  receiver,  it  can  be  seen  that  the  path  is  at  least 
one  range  gatelonger  than  the  direct  signal.  For  the  signals  diffracted 
around  the  fence  edge,  the  tunnel  provides  at  least  a  -70  db  attenuation 
which,  in  conjunction  with  diffraction  losses,  results  in  approximately 
-110  db  loss  (through  proper  geometry). 


The  only  remaining  term  of  significance  is  the  signal  that  proceeds 
from  the  target,  then  is  diffracted  by  the  fence  edge  to  be  received  by 
unmodified  antenna  Bidelobes.  This  signal  is  reduced  by  side-lobe  gain 
and  edge  diffraction  effects.  The  latter  can  be  held  to  -40  db  or  less  if 
the  angle  between  receiver,  fence  edge,  and  target  is  held  less  than 
160°,  while  antenna  side-lobe  levels  can  be  obtained  of  -30  db.  As  a 
consequence,  ih:3  signal  can  be  reduced  by  70  db.  It  is  found  that  a  bi¬ 
static  cross  section  50  db  higher  than  the  monostatic  can  be  tolerated 
before  a  1  db  error  in  measurement  is  incurred. 


Figure  15  shows  the  range  with  absorber  fences  in  place. 
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The  design  principles  outlined  were  employed  on  the  CAL  Ka  {35  Gc) 
pulsed  range  shown  in  Fig.  16.  The  only  deviation  from  design  prin¬ 
ciples  is  found  in  the  tunnel  surrounding  the  antennas,  where  the 
shadow  angle  is  less  than  that  stipulated. 

Characteristics  of  this  range  are: 

-5  Z  ,  .  • 

1.  Background  level  -  10  ,  equivalent  to  receiver  noise 

2.  Bistatlc  interaction  -  undetected  with  a  14"  square  flat  plate. 

Figure  17  is  the  range  used  for  the  FM/CW  radar,  operating  at  X- 
band.  Almost  identical  to  the  Ka  pulsed  range,  this  room  has  properly 
designed  tunnels  that  holds  background  to  imperceptible  levels.  Cur¬ 
rent  measurements  are  not  sufficiently  sensitive  to  detect  cross  inter¬ 
ference  effects  at  10“®  . 

The  only  absorber  material  used  on  the  ranges  is  fixed  on  the  fences  and 
backstop,  with  a  total  of  3,  000  square  feet  per  range.  If  the  room  were 
designed  on  a  cw  basis,  each  would  take  roughly  10  times  as  much. 
Approximately  $300,  000  was  saved  by  the  design. 
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Figure  17  CAL  XBAND  FM/CW  RANGE 
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AN  ANALYSIS  OF  THE  POIARIZATION  CAPABILITIES  OF  A 
GROUND  PLANE  CROSS  SECTION  RANGE* 

A.  W.  Wren,  Jr.,  J.  A.  Green,  C.  M.  McDowell 
Conductron  Corporation,  Ann  Arbor,  Michigan 


ABSTRACT 

The  problem  or  measurement  of  circular  polarization  components  on  a 
ground  plane  range  is  considered.  If  the  analysis  is  restricted  to 
transverse  fields,  a  propagation  equation  may  be  derived.  This  eunatron 
is  examined  and  two  methods  for  obtaining  circular  polarization 
measurements  are  deduced.  Th^  first  method  utilizes  two  orthogonal 
line  :  polarizations  to  obt-.i  the  linear  scatter 'ng  matr  ix  which  is 
related  to  the  circular-  s  tering  matrix  th  ■mipn  a  unitary  transforma¬ 
tion.  A  second  method  utilizes  elliptical  polarization  to  compensate 
for  the  effect  of  the  ground  plane.  With  the  r.cond  method,  the 
circular  components  may  be  measured  directly.  A  brief  examination  of 
the  "depth  of  field"  for  the  second  method  indicates  a  reasonable 
target  space  is  possible. 

THE  PROPAGATION  EQUATION  FOR  A  GROUND  PLANE  RANGE 

A  Dual  Channel  System 

In  order  to  analyze  the  effect  of  a  ground  plane  on  polarization 
measurements  it  is  necessary  to  construct  a  propagation  equation  for 
the  ground  plane  range.  The  equation  so  constructed  must  be  descriptive 
of  a  system  capable  of  transmitting  any  selected  polarization  and  re¬ 
ceiving  any  selected  polarization.  We  construct  such  a  system  by  noting 
the  fact  that  any  plane  polarized  wave  may  be  expanded  in  terms  of  two 
space  orthogonal,  waves. 1  We  consider,  therefore,  a  two-channel  system 
which  transmits  and  receives  both  a  vertical  (x  component)  and  a 
horizontal  (y  component)  polarized  component.  Since  we  can  obtain  any 
plane  polarization  by  modifying  the  amplitude  and  phase  of  the  two  space 
orthogonal  components,  the  addition  of  phase  and  amplitude  control 
networks  provides  the  desired  system. 

In  general,  the  amplitude  and  phase  control  network  can  be  described 
by  a  diagonal  matrix.  Thus  the  transmitted  fields  may  be  described  by 
the  following  matrix  equation 


where  the  superscript  indicates  the  transmitted  field  and  the  subscripts 
x  and  y  indicate  the  x  channel  and  y  channel,  respectively.  In  the  same 
fashion,  the  received  fields  are  given  by 
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where  the  superscript  r  indicates  the  received  field  and  the  superscript 
m  indicates  the  recorded  or  measured  components. 

The  Ground  Plane  Matrix  in  Rectangular  Form 

_t  We  now  describe  the  effect  of  the  ground  plane  with  a  matrix. 

Let  Ex  be  the  electric  field  along  the  direct  ray  at  the  obstacle,  E1 
the  field  incident  on  the  target,  and  0  the  phase  of  the  specular  ray 
relative  to  the  direct  ray  at  the  obstacle.  Then 
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where  V 


reflection  coefficient  of  the  ground  plane  to  horizontal 
electric  field 


and  T  *=  reflection  coefficient  of  the  ground  plane  to  vertical 
y  electric  field. 

Equations  3  and  4  may  be  written 

[E1]  =  e“lkRl  [K]  t  E*] 
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Similarly,  if  if  is  the  field  scattered  directly  from  the  target,  then 


(Er]  -  e 

where  K  is  defined  above,  and 
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In  terms  of  A,  the  scattering  matrix  of  the  target 
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where 
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12  22_ 
hence,  using  Equation  6  in  Equation  7> 

-ikR, 

[Er]  -  [K]  [A]  [E1]  e  1 


(7) 


(8) 


and  on  further  substituting  Equation  5  into  Equation  8 

.  -2 ikR, 

[Er3  -  [K]  [A]  [K]  [E*]  e  X.  (9) 

— 2ikRi 

By  absorbing  the  phase  factor  e  1  into  the  scattering  matrix  and 
using  Equation  1  and  Equation  2,  we  obtain  the  complete  matrix  equation 
for  the  system 


[Em3  -  [Ar]  [K]  [A]  [K]  [A1]  [E], 


(10) 


Expanding  Equation  10,  we  obtain 

2 


,m 


m 


LEy 


rArAt(l+e-ier  )  E  A, ,  +ArAt ( l+e”10r  )(l+e  10r  )  E  A,  _ 
xxN  x7  x  11  x  y'  x''  y  y  12 


y  y 
2 


I  ArAt(l+e'10r  )(l+e“lSr  )  E  A01+ArAt(l+e“i°r  )  E  A  J 
L  y  X'  x'v  yJ  x  21  y  yv  y'  y  22J 


(11) 


This  equation  clearly  indicates  one  of  the  basic  problems  with  the 
ground  plane  range.  The  coefficients  for  the  elements  of  the  scattering 
matrix  are  normally  determined  by  calibrating  the  system  with  a  sphere 
whose  cross  section  is  accurately  known.  For  example,  we  use  a  sphere 
whose  cross  section  is  a  ,  transmit  horizontal  polarization  and  receive 
horizontal  polarization.  Then  A^  *  A£  *=  1  and  A^  ■*  0.  The  scattering 
matrix  for  the  sphere  is,  of  course,  diagonal,  under  these  conditions 
we  obtain  a  measure  of 

(1  +  e"1^  )  E 

'  x'  x 

IT  t 

By  transmitting  vertical  and  receiving  vertical  (A  «  A  «*  1  and  A  *  0) 
we  obtain  a  measure  of  y  y  x 

2 

(1  +  e'10r  )  E 

y  y 


Now  if  r  c  F  we  would  have  the  system  calibrated.  However,  if  this  is 
not  the  case^we  must  use  some  standard  depolarization  target  such  as  a 
long  thin  wire  to  obtain  a  measure  of 


(l+e-10?  )  (l+e~10r  )  E 
\  x/  \  y/  X 


and  (l+e_10rx)  (l+e~10ry  Ey 
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If  we  assume  that  this  can  be  accomplished  we  are  still  in  difficulty 
for  any  polarization  which  utilizes  Ex  components  simultaneously  with  Ey 
components.  This  difficulty  stems  from  the  fact  that  the  calibration 
factor  for  the  normal  component  differs  from  that  for  the  cross-polarized 
component.  It  is  necessary,  then,  to  consider  approaches  which 
circumvent  this  difficulty. 

The  Ground  Plane  Matrix  in  Circular  Form 

Equation  10  describes  the  measuring  system  in  rectangular  form. 

A  similar  equation  exists  for  the  fields  described  in  circular  form.  We 
note  that  the  fields  in  the  (x,  y)  system  are  related  to  the  fields  in  a 
(r,  I)  system  by  a  unitary  transform.^ 

[E(x,y)]  »  [U]"1*  CE(r, f) ]  (12) 

where  *  indicates  the  conjugate  and  -1  the  inverse.  Also,  the  rectangu¬ 
lar  scattering  matrix  is  related  to  the  circular  scattering  matrix  by 

tA]  *  [UF1  ta]  CU]*  (13) 

Equation  10,  without  the  polarization  control  networks,  is 

[E"1]  »  [K]  [A]  [K]  [E]  (U) 

Substituting  12  and  13  in  14,  we  obtain 

(Em(x,y)]  -  [K]  [UF1  [a]  (Ul*  [K]  [U]_1*[E(r,  i)  ] 

Pre-multiply  by  [U]  to  obtain 

[U]  [Em(x,y)]  .=  [U]  [K]  [UF1  ta]  [U]*  [K]  [U]'1*  [E(r,i)] 

Let 

[Kj  «  [U]  [K]  (UF1  ■=  tU]*  [K]  [UF1* 

Then 


[Em(r, i) ]  «  [Kj  [a]  [Kc]  [E(r,/)]  (15) 

Thus,  if  we  make  the  two  orthogonal  channels  in  the  system  into  a  right 
circular  component  and  a  left  circular  component,  w^,  obtain  the  equi¬ 
valent  equation  to  Equation  10 


\ 

[A'l  CKcJ  [a]  [Kc]  [A'] 


(16) 
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LINEAR  POLARIZATION 


It  has  been  shown  in  a  previous  section  that  the  descriptions  of  the 
ground  plane  scattering  problem  in  terms  of  the  linear  or  the  circular 
components  of  the  electromagnetic  fields  are  simply  alternate  representa¬ 
tions  of  the  same  problem  as  viewed  from  different  coordinate  systems. 
Thus,  if  the  scattering  problem  is  completely  specified  in  the  linear 
polarization  basis,  it  is  also  specified  in  the  circular  polarization 
basis.  The  present  section  deals  with  the  measurement  of  the  scattering 
matrix  in  the  linear  basis;  the  corresponding  matrix  in  the  circular 
basis  can  then  be  obtained  analytically  by  means  of  the  transformation 
connecting  the  two  systems. 

Because  of  the  experimental  difficulties  involved  in  making  phase 
measurements,  the  scattering  matrix  will  be  determined  by  amplitude 
measurements  alone.  For  the  ground  plane  range  with  real  ground 
reflection  coefficients  (see  below)  this  involves  a  total  of  eight 
amplitude  measurements.  One  of  these  is  necessary  to  determine  the 
properties  of  the  ground  plane;  the  remaining  seven  yield  the  five  free 
parameters  of  the  scattering  matrix.  Since  an  angle  is  specified  in 
general  by  two  length  measurements,  the  two  redundant  measurements  can 
be  thought  of  as  necessary  to  specif}'  the  phase  angles  involved. 

When  the  grazing  angle  of  the  specular  ray  is  less  than  5°  (an  angle 
taken  as  the  upper  limit  for  any  range  of  interest),  calculations  show 
that  the  phases  of  both  the  vertical  and  horizontal  ground^refleetion 
coefficients  are  approximately  180°  (to  within  less  than  5°)  for  most 
soils.  Consequently,  they  are  assumed  to  be  real  and  negative;  that  is 

r*  •  -»x  ry  -  -Oy  <17'18> 

with  p^  and  p  real  and  positive.  Furthermore,  if  the  height  of  the 
target xand  antenna  above  the  ground  plane  are  adjusted  so  that  the  first 
maximum  of  the  incident  field  occurs  on  the  target,  then 


0  =  n . 


(19) 


Substituting  Equations  17,  18  and  19  into  Equation  20  and  expanding 
the  matrices,  the  rectangular  components  of  the  measured  field  become 


Ex  "  AX(1  +  Px)2  AllEx  +  AxAy^  +  +  Py) 

Ey  "  AyAx(1  +  px)(1  +  py>  A12Ex  +  AyAy^  +  Py)2 


A12Ey 


A22Ey 


(20) 

(21) 


Using  Equations  20  and  21,  the  measurements  required  to  specify  the 
scattering  matrix  will  now  be  given.  For  convenience  in  notation,  the 
necessary  experimental  arrangements  and  the  corresponding  measured 
fields  will  be  noted  by  similar  superscripts.  As  an  example,  let 
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E1"1  -  (1  ♦  p  )2  A.  ,E 
x  '  xy  I_L  x 


if1  *  (1  +  p  )(1  +  p  )  A, „E 
y  '  ^x'v  Ky7  12  x 


If  the  target  is  replaced  by  a  sphere  with  scattering  matrix 

A® .  ■  s6 .  . 

JO  ij 


Erasl  ■  (1  +  p  )2sE  E"1®1  «  0  ( 

x  '  x'  x  y  N 

In  a  similar  fashion,  the  following  measurements  can  be  performed 


(23,24) 

(25) 

(26,27) 


E011 

A,, 

X 

n 

F51 

"  s 

X 

Em2 

y 

22 

i  Tms2 

^  - 

s 

1  c 

1  y 

e"11 

1  +  p  A.  _  E 

_X_ 

n 

jc  12  x 

..ms  2 

y 

1  +  p  s  E 

y  y 

Em2 

1  +  p  A10  E 

V 

y  12  y 

e"181 

X 

1  +  p  s  E 

X  X 

Using  the  notation 


EmJ  »  Emj  +  Em^  EmS;i  -  EmS‘*  +  Ems^ 


E*1 

2  A„  1  +  p 

u.  .  Ky 

A12 

Emsl 

5  1  +  «* 

s 

Em2 

2  .  1  +  A12  * 

A22 

Ems2 

1  +  Py  S 

s 

M„ 


m8  " 


E1"3 

E™3 


£mk 

T55 


*11  ,  . 

8  +  1  1  +  p. 


1  +  P*  ^12 

s 


•  1  *  Px  A12  .  A22 

-1  1  +  p  8  8 


w 

(35) 


Since  the  elements  of  the  scattering  matrix  can  only  be  determined  to 
within  an  arbitrary  phase  factor,  the  quantity  A,  „  is  chosen  to  be  real. 
From  Equations  28  and  29 


Multiplying  30  by  3I, 

Dividing  30  by  3l> 


1 1  - 1 8 1  M1 

,  2 

A12  “ 

s 

/ 1  +  p  \2 

E 

(  A 

X 

E 

V 

22 


m3 


M, 


Ha 

M4 


If  E  and  E  are  set  equal  at  the  time  of  measurement 
x  y  ’ 


(l+  Px) 

u  +  py; 


Expanding  Equations  32  and  34, 


Mc 


M„ 


where  is  the  angle  between  and  A^* 
Similarly  expanding  Equations  33  and  35, 


M, 


1  +  \  A12 
1  +  py  s 

2 

+ 

A22 

s 

2 

+  2 

A22  | 
s  ! 

1  *  px  A12 

1  +  p  s 

y 

2 

1 

+ 

A22 

s 

2 

-  2 

A22 

s 

1  +  p 
_ _x 

1  +  p 


_12 

s 


1+px  A12 


1  +  P. 


(36, 37) 
(38) 


An 

L 

+ 

1  +  py  A12 

+  2 

1  +  0,  A12 

s 

1  +  PX  8 

s 

1  +  P„  8 

2 

+ 

1  +  py  A12 

2 

+  2 

A11 

1  +  <V  A12 

s 

1+  Px  s 

s 

1  +  px  s 

cos  (39) 
sin  0^  (40) 


cos  e.  (41) 


sin  0  (42) 


where  @2  is  the  angle  between  Aj^  and  A22»  Since  all  absolute  values  in 
Equations  39  to  42  are  known,  these  equations  may  be  solved  for  sin  0-,  9 

1,  L 
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and  cos  0p  2  producing  an  unambiguous  determination  of  all  the  parameters 
of  the  scattering  matrix. 

One  other  valuable  piece  of  information  which  is  obtained  from  the 
redundant  angle  measurements  should  be  noted  here.  Suppose  0^  or  0 2  is 
close  to  zero  or  jt  radians.  Then  Equations  39  and  41  would  provide  a 
poor  determination  of  0,  while  40  and  42  would  provide  the  most  sensi¬ 
tive  determination.  The  situation  is  just  reversed  for  0-^  or  0^  near 
+  jt/2.  Thus,  by  use  of  the  proper  equation,  an  accurate  aetermination  of 
the  magnitude  of  the  phase  angle  can  be  made  with  the  equation  for  the 
co- function  used  only  to  determine  the  resultant  ambiguity  'gn. 

ELLIPTICAL  POLARIZATION 

While  the  above  section  provides  an  experimental  procedure  from 
which  all  available  information  about  the  scattering  matrix  can  be 
determined,  it  proves  to  be  overly  complicated  if  only  the  magnitudes  of 
the  elements  of  the  circular  scattering  matrix  are  required.  This  is  the 
case,  for  instance,  in  cross  section  determinations.  It  would  be  very 
desirable  if  a  procedure  could  be  devised  to  measure  these  magnitudes  in 
a  more  direct  fashion.  One  scheme  which  immediately  comes  to  mind  is 
the  application  of  the  procedures  given  in  the  above  section  to  the 
ground  plane  equation  in  circular  representation.  This  direct  approach 
is  extremely  complicated  for  the  circular  polarization  scheme,  however, 
due  to  the  coupling  between  the  right  and  left  circular  components  of 
the  field  introduced  bv  the  ground  plane. 

An  alternative  approach  is  to  consider  the  transmission  of  an 
ellipticallv  polarized  wave  which  will  nullify  the  effects  of  the  ground 
plane.  This  is,  in  effect,  a  pre-emphasis  procedure  whereby  the  trans¬ 
mitter  and  receiver  are  compensated  to  remove  the  effects  of  the  ground 
plane. 

We  consider  first  a  system  using  rectangular  components.  The  basic 
equation  in  rectangular  form  is 

[Em]  -  [Ar]  [K]  [A]  [K]  [A*]  [E]  (43) 

A  solution  of  the  type  sought  is  evident  by  inspection.  If 

[At]  «  [Ar]  «  [K]"1 
then  Equation  43  reduces  to 

[Em]  «=  [A]  [El 

which  is  the  free-space  equation.  Therefore  we  have  succeeded  in 
nullifying  the  effect  of  the  ground  plane. 

This  is  the  free-space  equation.  Consequently,  it  is  a  simple 
matter  to  measure  the  magnitudes  of  the  matrix  elements.  This  procedure 
has  no  advantage  for  the  determination  of  the  rectangular  scattering 
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matrix  since  these  magnitudes  are  easily  measurable  by  the  methods  of 
the  previous  section. 


In  the  measurement  of  the  circular  matrix,  however,  there  is  a 
distinct  advantage.  Suppose  that  it  is  desired  to  have  a  field  incident 
on  the  target  whose  rectangular  components  are 


E1  B  E 

X  X 


E  *  +  i  E 

y  -  y 


then  if 


E  ■  E 
x  y 


W 

(*5) 


we  have  circular  polarization  incident  on  the  target. 


From  Equations  1  and  5  it  is  seen  that  the  fields  incident  on  the 
target  are  given  by 


[E1]  -  [K]  [A1"]  [E], 


(46) 


The  requirement  for  right  circular  polarization  incident  on  the  target 
then  is 

t  1  1  0 

[K]  [At]  = 


0  -i 

Under  these  conditions  the  measured  fields  are 


(*7) 


Em 

A„  E  -  i  A.„  E 

X 

-  [Ar]  (K) 

11  x  12  x 

Em 

A.  -  E  -  i  A„„  E 

y 

12  x  22  x 

Now  let  [Ar]  [K]  be  the  matrix 


1  0 
0  i 


,  then 


Em  +  Em  «=  (A,,  +  A0  )  E 
x  y  '  11  Tl’  x 


mod  "  “x  “y  ~  v"ll 
Using  a  sphere  to  calibrate,  we  measure 


pml 

mod 

A11  +  A22 

fl2 

Es 

mod 

2s 

s 

n~i 

(48) 


A  second  measurement  using  [Ar]  [K]  * 
such  as  a  diplane  (i.e.,  a  two-bounce  Lo  -i 


and  a  standard  target 
target)  obtains 


-ml 


"'mod 


By  transmitting  left  circular,  we  obtain  a 


(AU  -  A22)  -  2i  A12 

all 

2d 

d 

(49) 


22 


in  a  similar  fashion. 
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SPATIAL  VARIATION  OF  THE  CIRCULARLY  POLARIZED  FIELDS 

It  has  been  demonstrated  in  previous  sections  that  it  is  possible  to 
obtain  a  circularly  polarized  wave  incident  upon  the  tai'get  by  proper 
adjustment  of  the  phase  and  amplitude  of  the  transmitted  vertically  and 
horizontally  polarized  fields.  Since  the  complex  ground  reflection 
coefficients  as  well  as  the  ground  plane  interference  effects  vary  with 
grazing  angle,  the  desired  field  pattern  will  only  be  obtained  in  a 
limited  region  of  space  near  the  target  position.  The  variation  of  the 
field  components  with  consequent  deterioration  of  the  desired  circularly 
polarized  field  will  ba  considered  below. 

Relative  Phase  and  Amplitude  Calculations 

The  incident  fields  have  been  shown  to  be  given  by 

E*  -  (1  +  rxe~i0)EVikRl  e£  «  (1  +  rye"i0)EVikRl  (50,51) 

where  0  is  the  phase  difference  between  the  direct  ray  and  the  specular 
ray,  i.e., 

0  -  £  (R2  ~  (52) 


where  R2  =  length  along  specular  ray  and  ■  length  along  direct  ray. 


If,  in  Equations  50  and  51,  the  reflection  coefficients  are  written 
in  polar  form,  one  has 


Ex  *  t1  +  v *K* 


,-i0^Ft  -ik% 


o-i0y^VikRi 


Ey  «  (1  +  pye  -v)eV 


(53,5*0 


where  0X  *=  6  +  <PX  and  0y  «=  fl  +  qy  \  (55,56) 

We  wish  to  calculate  the  components  of  the  field  incident  on  the  tar¬ 
get  normalized  to  the  corresponding  components  of  the  transmitted  field; 
hence  to  expedite  computation,  we  write  Equations  53  and  5L  in  their 
polar  forms  as 


E 

E 

where 


-ie*  -ikR1 

C  e  e 
x 


C1  «=  '/l  +  2p  cos  8  +  p 

X  XXX 


tan  0 


p  sin  8 
x _ x 

1  +  p  cos  0 

X  X 


C1  e 


-10  -ikR, 

y  1 

J  e 


C1  e  ‘fl  +  2p  COS  0  +  p2 

y  y  y  y 

p  sin  0 

tan  01  . 

y  1  +  p  cos  0 

y  y 


(57,58) 

(59,6o) 

(61,62) 


•To  obtain  an  expression  for  0  in  terms  of  range  parameters,  it  is  seen 
from  the  principle  of  images  that 
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-7XZZX3  a^£^>Ar  ii 


R2  -  (h  +  ha)2  +  R2  R2  -  (h  -  ha)2  +  R2  (63,64) 

where  ha  «■  fixed  antenna  height;  h  ■»  height  of  observation  point;  and 
R  *>  horizontal  distance  between  the  antenna  and  the  point  of  observation. 

On  expanding  these  two  expressions  by  the  binomial  theorem  and  sub¬ 
stituting  the  results  into  Equation  52 

h  h_  r h  ha  9  9  1 

e=  k*ir  +  °l-^r  +hd)  J  <65) 

where  for  h  «  R  and  h  «  R,  the  higher  order  terms  are  neglected, 
giving  simply 

h  h 

e  «  -jjf-  (66) 

When  Equation  66  is  substituted  into  Equations  55  and  56,  we  have, 
finally  at  a  fixed  frequency  and  for  a  given  soil, 

h  h  h  h 

9x  B  4lt  IjT  +  6y  “  "\R^  +  *PyC+)  (67,68) 

where  the  functional  notation  is  introduced  to  emphasize  the  dependence 
of  the  phases  <px  and  <p  on  the  grazing  angle  where  the  grazing  angle  ^  is 
determined  by  y  > 

h  +  h 

tan  >|4  =  ^ — -  (69) 

We  now  have  all  of  the  relations  needed  to  compute  the  magnitudes 
and  phases  of  the  incident  fields  as  a  function  of  height  above  the 
ground  plane.  The  next  topic  to  be  considered  is  the  selection  of 
antenna  and  target  heights. 

The  most  uniform  field  over  the  target  is  obtained  when  the  antenna 
and  target  heights  are  adjusted  so  that  the  maximum  of  the  incident 
field  occurs  at  the  center  of  the  target.  This  means  that,  at  the 
center  of  the  target,  the  total  phase  difference  between  the  direct  ray 
and  the  specular  ray  should  be  an  integral  multiple  of  2n  radians,  and 
for  minimum  antenna  and  target  heights  this  difference  should  be  exactly 
2n  radians.  Thus,  if  hQ  is  the  value  of  h  at  the  center  of  the  target, 
then  for  a  given  polarization  the  antenna  and  target  height  and  the 
range  R  are  related  through  Equations  67  or  68  (with  9X  or  6y  replaced 
by  2n),  Equation  69  and  the  equation  of  the  reflection  coefficient. 
Generally  speaking,  once  two  of  the  factors  h0,  ha,  or  R  are  chosen, 
the  equations  given  above  may  be  solved  graphically  or  by  trial  and 
error  for  the  third  factor. 


Axial  Ratio  of  the  Incident  Elliot;  cally  Polarized  Field 


If  the  transmitted  field  is  adjusted  so  that  the  incident  field 
is  circularly  polarized  at  the  target  position,  then  the  phase  and 
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amplitude  variations  calculated  above  will  in  general,  produce  elliptical 
polarization  for  field  observation  points  removed  from  the  target  cen¬ 
ter.  The  ellipticity  of  the  field  will  be  calculated  below  by  evaluating 
the  axial  ratio  of  the  incident  field  as  a  function  of  position. 


As  given  in  Equations  57  and  58,  the  rectangular  components  of  the 
field  incident  on  the  target  are  given  by 


-ikR^ 

e 


E1 

y 


-ikR^ 

e 


(70,71) 


If  the  superscript  "o"  is  used  to  denote  the  experimental  conditions 
appropriate  to  the  target  center,  then  in  order  to  produce  circular 
polarization  at  the  center  position,  the  transmitted  fields  must  have 
an  amplitude  and  phase  given  by 


(72,73) 


In  Equation  73,  the  plus  sign  is  chosen  for  left  circular  polarization 
on  the  target  while  the  minus  sign  is  chosen  for  right  circular  polari¬ 
zation.  Choosing  Et0  =  1  for  convenience,  and  introducing  the  notation 


C1 

A.  «-i- 

J  CT5 
3 

the  incident  fields  become 


4>  *  e1.  -  9 *° 

J  J 


(74) 


-i(«  +  ML) 

Ex  *  * 


i  i  !  +  “1) 


E  =  A  e 

y  y 


(75,76) 

In  real  form 

E^  *=  A  cos  (out  -  4>  -  kR, )  E*1  ■  A  cos  (out  +  •?  -  $  -  kR, )(  77,78) 

x  x  v  x  1'  y  y  '-2  y  ' 

or  in  terms  of  the  parameters 


the  fields  are 


11  *=  cut  -  $  -  kR, 

^  x  1 


E  ■  A  cos  u 

X  X  ^ 


A  ■  $  —  $ 

x  y 


(79) 


E^  =  cos  (p  +  A  +  |)(80,8l) 


Equations  80  and  81  represent  the  polarization  ellipse.  Since  the 
quantities  A,  Ax  and  Ay  can  be  evaluated  from  the  calculations  given  in 
the  previous  sections,  it  is  a  straightforward  matter  to  determine  the 
axial  ratio  as  a  function  of  position. 


As  an  example,  the  variation  of  the  axial  ratio  with  height  is 
plotted  in  Figure  1  for  the  conditions:  h0  <=  10  feet,  range  ■=  500  feet, 
a  *=  0.01  mho/meter,  frequency  •  0.5  gcs,  f  ■  -1. 
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Axial  Ratio 
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ABSTRACT 

The  chief  reason  for  using  a  pulsed  radar  rather  than  a  CW  radar  for 
target  cross-section  measurements  is  to  discriminate  against  clutter  and 
feedthrough  by  range  gating.  Crf  systems  must  use  a  buckout  scheme  for 
this,  which  has  certain  disadvantages.  Furthermore,  when  intercept  area 
greatly  exceeds  scattering  cross-section,  a  buckout  system  is  unsatisfactory. 

The  second  reason  for  using  a  pulsed  radar  is  to  examine  the  fine  structure 
of  the  target  signature. 

i 

A  pulsed  backscatter  range  radar  is  less  like  a  conventional  pulsed 
radar  than  like  an  antenna  range  instrumentation.  By  taking  advantage 
of  the  short  maximum  range  and  low  data  rate  usually  required,  we  can 
integrate  a  great  many  pulses  for  each  data  point,  thus  attaining  high 
sensitivity  with  low  transmitted  power.  Non-coherent  or  post-detection 
integration  is  quite  inexpensive  to  implement  and  can  produce  consider¬ 
able  gain  in  the  typical  application.  Coherent  or  pre-detection  integra¬ 
tion  can  produce  twice  as  much  gain  (in  db).  Fully  coherent  operation 
also  permits  phase  measurements  and  vectorial  cancellation  of  the  target 
support  echo  as  is  being  done  by  Lincoln  Laboratory. 

Two  operating  systems  are  described,  one  which  uses  pulse  integration 
and  one  which  does  not.  The  former  is  designed  to  plug  into  a  standard 
antenna  pattern  recorder,  while  the  latter  is  designed  for  high  data  rate. 

The  difference  in  cost  is  striking.  Design  techniques  are  discussed, 
including  both  coherent  and  non-coherent  integration,  suppression  of 
spurious  signals,  and  conditions  for  range  gating  and  pulse  stretching 
without  a  noise  figure  penalty.  A  design  example  of  very  high  sensitivity 
is  given. 

INTRODUCTION 

When  CW  radar  is  used  for  backscatter  measurements,  the  sensitivity 
is  limited,  not  by  transmitter  power  and  receiver  noise,  but  by  the 
stability  of  the  balance  obtained  in  the  bridge  system  for  canceling  out 
the  clutter  or  background  signal.  Furthermore,  when  a  target's  intercept 
area  greatly  exceeds  its  scattering  cross-section  an  error  is  introduced  by 
shadowing  of  the  background  signal. 1  Pulse  radar  has  been  used  to  over¬ 
come  these  limitations  and  also  to  study  the  fine  structure  in  range  of 
the  target  signature. But,  often,  inefficient  use  of  the  signal  in 
a  brute  force  design  leads  to  a  high  transmitted  power  requirement  which 
raises  the  cost  and  introduces  a  duplexing  problem.  We  shall  attempt  to 
show  in  this  paper  how  a  pulsed  radar,  specifically  designed  for  the 
backscatter  range  application,  can  be  quite  economical  and  efficient. 
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BACKSCATTER  RADAR  REQUIREMENTS 


A  pulsed  backscatter  range  instrumentation  is  less  like  a  conventional 
pulsed  radar  than  like  an  antenna  range  instrumentation.  Typical  search 
and  tracking  radars  have  a  high  output  data  rate  requirement,  backscatter 
range  instrumentation,  like  antenna  range  instrumentation,  can  usually  be 
satisfied  with  an  output  bandwidth  of  a  few  c/s.  Therefore,  a  long  integra¬ 
tion  time  can  be  used,  which  reduces  the  average  transmitter  power  required. 
Secondly,  a  backscatter  range  is  usually  quite  short,  which  permits  using  a 
high  prf  without  incurring  range  ambiguities.  The  resulting  high  duty 
factor  reduces  the  peak  power  required.  In  summary,  the  combination  of 
high  prf  with  long  integration  time  means  that  many  pulses  are  integrated 
for  each  sample  of  output.  The  signal  to  noise  ratio  of  the  output  data 
from  an  optimum  receiver  depends  only  on  E/N0,  where  E  =  total  signal 
energy  integrated  for  each  data  point,  and  N0  =  noise  power  per  e/s 
(a  measure  of  receiver  quality).^  The  maximum  pulse  integration  theoret¬ 
ically  possible,  assuming  that  the  prf  is  limited  only  by  range,  !■  been 
derived  by  Bachman,  King,  and  Hanseni  as 


f  A  6 

o  • 

2px  9 


(1) 


where  f  =  carrier  frequency 

p  =  a  constant,  usually  in  the  range  of  0.5  to  4,  depending  on  the 
required  fine  structure 

k  =  target  diameter  in  wavelengths, A  0/9  =  data  rate. 

For  most  backscatter  range  situations  N  turns  out  to  be  a  very  large  number. 

Some  users  may  object  that  in  this  mode  of  operation  the  single  pulse 
signal  to  noise  ratio  is  so  low  that  an  A-scope  presentation  is  useless, 
and  yet  they  want  to  study  the  fine  structure,  in  range,  of  their  target 
echoes  or  of  clutter  on  the  range.  Here  again,  the  low  data  rate  required 
comes  to  the  rescue.  It  is  not  necessary  to  explore  the  entire  range  in 
one  pulse  period.  A  synthetic  A-scope  display  can  be  made  by  slowly 
strobing  the  range  gate  out  in  range  and  displaying  (or  recording)  the 
output  as  a  function  of  range.  Essentially  the  same  resolution  will  be 
obtained  as  if  high  peak  power  pulses  of  the  same  length  were  being  used 
with  a  direct  video  display.*  The  time  required  for  one  complete  scan 
equals  the  number  of  range  elements  divided  by  the  data  rate  (samples  per 
second). 

Another  special  requirement  of  backscatter  range  instrumentation  is 
that  of  wide  dynamic  range  with  good  linearity.  Typically  40  -  60  db 
dynamic  range  is  required  with  a  linearity  of  lldb.  In  this  respect  back¬ 
scatter  range  radars  are  more  difficult  to  build,  but  again,  the  low  data 


*Strictly  speaking,  the  synthetic  display  will  be  the  cross-correlation  of 
the  range  gate  with  the  video,  so  that  square  pulses,  for  example,  would 
be  displayed  as  triangles  whose  half-amplitude  width  is  equal  to  the  square 
pulse  width.  When  a  radar  is  operating  at  maximum  resolution  and  the  pulse 
shape  becomes  pseudo-gaussian,  the  correlation  function  is  still  pseudo- 
gaussian,  and  wider  by  a  factor  of  V2*. 
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rate  minimizes  the  difficulty.  With  careful  design,  a  40  db  range  can  be 
achieved  with  fixed  bias.  To  go  bevond  this,  one  can  take  advantage  of 
AGC  fed  back  from  a  special  potentiometer  on  the  recorder.  Such  a  poten¬ 
tiometer  is  available,  for  example,  on  Scientific- Atlanta  and  Antlab 
recorders.  The  potentiometer  is  energized  by  several  adjustable  taps 
so  that  the  non-linear  function  required  for  the  AGC  voltage  can  be 
closely  approximated. 

OPERATING  SYSTEMS 

The  value  of  pulse  integration  is  dramatically  illustrated  by  a  compari¬ 
son  of  two  backscatter  radars  built  by  Advanced  Development  Laboratories,  Inc. 
(see  Table  I).  Physical  appearance  of  these  radars  is  shown  in  Figures  1  and  2. 
The  model  1084  was  intended  for  use  with  rapidly  rotating  targets  and  thus 
uses  no  pulse  integration.  The  model  1153  was  designed  to  plug  into  a 
standard  antenna  pattern  recorder  and  takes  full  advantage  of  post-detection 
integration  in  a  narrowband  bolometer  amplifier.  Note  that  although  the 
1084  has  about  30  db  more  transmitter  power,  it  has  30  db  less  receiver 
sensitivity.  Therefore,  the  overall  sensitivity  (in  terms  of  space  loss)  is 
about  the  same. 

An  optimum  receiver  would  use  entirely  pre-detection  integration  (fully 
coherent  operation)  and  would  have  even  greater  sensitivity.  For  example, 
were  the  model  1153  made  fully  coherent  it  would  have  14  db  greater  sensi¬ 
tivity. 

The  model  1153  was  made  for  a  2000  ft  outdoor  range  subject  to  interference 
from  birds  and  aircraft.  Therefore,  the  rather  low  prf  of  24  Kc/s  was  used  to 
place  the  first  range  ambiguity  at  at  least  ten  times  the  range.  The  trans¬ 
mitter  is  a  klystron  whose  repeller  is  pulsed  into  the  mode.  Pulse  widths 
well  under  100  ns  can  be  obtained  in  this  way.  The  receiver  is  a  super¬ 
heterodyne  with  a  bolometer  second  detector. 

The  model  1084  was  designed  for  an  indoor  range  and  at  its  minimum  pulse 
width  of  10  ns  is  capable  of  a  prf  of  100  Kc/s,  so  that  some  integration 
could  be  used.  It  uses  a  pulsed  TWT  chain  transmitter  and  a  TWT  preamp 
followed  by  a  crystal  video  receiver. 

TABLE  I  -  COMPARISON  OF  TWO  SYSTEMS 


Model  1084 

Model  1135 

Frequency  Range  (Gc/s) 

14-18 

8.2-12.4 

Peak  Power  (watts) 

1000 

0.5 

Pulse  Widths  (nanoseconds) 

10-100 

100 

PRF  (Kc/s) 

0.1-10 

24 

Tangential  Sensitivity  (dbm) 

-80 

-110 

Dynamic  Range  (db) 

50 

50 

Power  Consumption  (Kw) 

4 

under  1 
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A  DESIGN  EXAMPLE 


To  illustrate  the  techniques  discussed  in  more  detail  let  us  design  an 
indoor  backscatter  range  radar  system.  Both  coherent  and  non-coherent 
integration  will  be  considered. 

Specifications 

Let  us  assume  the  following  specifications: 

Frequency  3  Gc/s 

Range  25  ft. 

Target  Area  (min.)  10"®  sq.  ft.  ( 10— 7  sq.  m) 

Antenna  Gain  30  db 

Data  Rate  25  Samples/Sec. 

Range  Resolution  10  ns  (5  ft.) 

Let  us  further  assume  that  it  is  desired  to  have  a  20  db  signal  to  noise 
ratio  with  the  specified  minimum  target  area.  We  shall  compute  the  trans¬ 
mitter  power  required  for  each  case. 

Non-Coherent  Integration 

Consider  a  system  in  which  the  transmitted  pulse  train  is  chopped 
at  a  1000  c/s  rate,  a  super  heterodyne  receiver  is  used*  and  the  resulting 
square  wave  modulated  output  is  detected  with  a  bolometer  followed  by  a 
1000  c/s  tuned  amplifier  with  a  40  c/s  band  width.  The  40  c/s  first  order 
filter  will  provide  the  required  data  rate  with  over  99%  decorrelation 
between  adjacent  samples.  It  will  be  shown  below  that  range  gating,  properly- 
done,  does  not  enter  into  the  signal  and  noise  calculations. 

The  maximum  unambiguous  prf  for  25  ft.  is  20  Mc/s.  However,  to  keep  the 
pulse  circuitry  simple,  let  us  use  1  Mc/s.  The  integration  time  of  a  single- 
tuned  circuit  is  given  by® 


T  s  (2) 

in  this  case  about  3.016  sec.  The  number  of  pulses  integrated  therefore  is 
16,000.  Now,  if  we  assume  the  predetection  signal  to  noise  ratio  is  very 
low,  the  integration  gain  is  given  to  a  good  approximation  by  V 16, 000  = 

126  =  21  db*.  Therefore,  the  required  predetection  snr  is  20-21  =  -1  db. 


*  This  is  conservative.  A  more  oxact  analysis  is  given  in  Appendix  I. 
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The  range  equation  may  now  be  written: 


Pa.  « 

kTBF  (4TT)3  r4  Ll  w 

rt 

g2  X2  <r 

Thermal  Noise 

kT 

204 

db  c/sw 

Antenna  Gain 

G2 

60 

db 

SNR 

W 

1 

db 

265 

db  c/sw 

Bandwidth 

B 

100  Mc/s 

80 

db  c/s 

Noise  Figure 

F 

13 

db 

(4  rt)3 

33 

db 

Range 

R4 

(25  ft)4 

56 

db  ft4 

Modulation  Loss 

L1 

3 

db 

Line  Loss 

l2 

3 

db 

Wavelength 

A2 

(0.3  ft)2 

10 

db  ft-2 

Target  Area 

ar 

10“6  ft2 

60 

db  ft 

75S - dg~c'7a~ 

265  db  c/sw 


T7 — as? 

a  0.2  watt 


Systems  designed  like  this  usually  require  such  low  transmitter  power  that 
duplexing  is  no  problem.  Since  very  short  minimum  range  is  often  required 
it  is  very  advantageous  to  avoid  the  use  of  TR  tubes  or  other  long  recovery 
devices. 

Coherent  Integration 

Consider  a  system  in  which  the  transmitted  pulse  train  is  not  chopped, 
and  is  coherent  (e.g.  derived  by  gating  the  output  of  a  CW  oscillator).  Again 
assume  a  superheterodyne  receiver,  and  assume  that  the  i.f.  output  is  synchron¬ 
ously  detected  with  a  reference  frequency  1000  c/s  removed.  Now,  this  is  not 
a  detection  in  the  communication  theory  sense;  it  is  merely  a  translation  to  a 
1000  c/s  i.f.  Therefore  whatever  integration  occurs  in  the  tuned  1000  c/s 
amplifier  is  fully  coherent. 

The  integration  gain  now  is  m2  db  instead  of  21  db  so  that  the  transmitter 
power  required  is  21  db  lass.  Or  conversely,  the  range  can  be  increased  by  a 
factor  of  3.35.  It  will  be  shown  below  that  the  apparatus  cost  is  less  than 
that  of  a  21  db  increase  in  transmitter  power.  Of  course,  it  is  possible  to 
use  still  narrower  bandwidths,  for  example  a  4  c/s  bandwidth  will  permit  a 
data  rate  of  2.5  samples/sec  and  will  give  10  db  greater  sensitivity  (5  db 
in  a  non-coherent  system). 
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System  Design 

The  discussion  of  range  gating  requirements  and  other  details  is 
best  carried  on  in  conjunction  with  examination  of  the  system  block  diagram 
shown  in  Figure  3.  To  prevent  "birdies"  and  reduce  the  requirements  on 
gating  transient  rejection,  the  prf  and  all  intermediate  frequencies  are 
harmonically  related,  being  derived  by  multiplication  and  division  from  a 
single  60  Me  master  oscillator.  The  klystron  oscillator,  however,  can  be 
freely  tuned  to  any  frequency.  In  a  coherent  system,  insuring  that  harmonics 
of  the  gating  transients  will  appear  to  have  zero  doppler  shift,  we  can 
allow  them  to  be  as  large  as  the  largest  expected  signal,  it  being  necessary 
only  to  prevent  saturation  in  the  receiver.  They  will  not  produce  any  false 
output.  If  the  frequencies  were  not  locked  together,  it  would  be  necessary 
to  keep  gating  transients  below  system  noise  level,  which  would  make  the 
range  gate  design  more  difficult. 

In  the  non-coherent  instrumentation  to  be  described  first,  however,  it 
is  still  necessary  to  keep  harmonics  of  the  gating  transients  below  system 
noise  in  the  i.f.  passband,  even  though  they  zero  beat  with  the  signal.  This 
is  because  the  bolometer  and  tuned  amplifier  at  the  output  are  sensitive  only 
to  total  amplitude  fluctuations.  The  1000  c/s  amplitude  fluctuation  due  to  a 
signal  smaller  than  the  gating  transient  will  deoend  cn  its  phase  relationship 
to  the  gating  transient  and  may  even  be  zero  (at  90°). 

For  a  non-coherent  system  the  1  Me  pulse  train  is  chopped  by  a  1  Kc  square 
wave,  to  make  bursts  of  pulses  lasting  1/2  millisecond,  separated  by  1/2  milli¬ 
second  spaces.  These  pulses  then  modulate  the  TWT  which  amplifies  the  output 
of  a  klystron ,  A  severed  helix  TWT  should  be  used,  or  a  diode  switch  added  to 
reduce  leakage  between  pulses  to  a  level  below  system  noise.  Duplexing  is 
partly  performed  by  a  circulator. 

The  received  signals  are  first  heterodyned  to  a  rather  high  i.f.,  so  that 
sufficient  bandwidth  can  be  obtained  to  pass  the  major  components  of  the  pulse 
spectrum.  A  balanced  mixer  is  used  only  to  conserve  l.o.  power,  since  at  these 
frequencies  it  is  not  needed  for  noise  figure.  Before  entering  the  preamp,  the 
signal  is  passed  through  a  diode  switch  range  gate  of  moderate  attenuation.  This 
is  only  to  reduce  the  main  bang  feed-through  to  a  level  that  permits  quick 
recovery  of  the  preamp.  It  has  already  been  reduced  by  the  circulator  and  by 
limiting  in  the  mixer. 

The  preamplifier  muse  have  enough  gain  so  that  average  system  noise  level 
after  range  gating  will  still  be  about  10  -  20  db  above  local  circuit  noise 
level.  When  this  condition  is  met,  any  degree  of  narrowbanding  or  pulse 
stretching  is  permissible  after  range  gating,  without  a  noise  figure  penalty. 

In  this  case  it  presents  no  problem,  but  in  a  system  with  very  low  duty  factor 
it  might  require  excessive  dynamic  range  of  the  preamp.  In  such  a  case  one 
reduces  bandwidth  after  the  first  range  gate  only  by  a  factor  equal  to  the 
ratio  by  which  peak  noise  after  the  range  gate  exceeds  the  10  -  20  db  criterion. 
Then  the  peak  noise  in  the  stretched  pulse  is  still  10  -  20  db  above  local  cir¬ 
cuit  noise.  After  further  amplification  to  increase  this  margin  one  performs 
another  range  gating  operation,  with  an  appropriately  wider  gate.  These 
steps  are  repeated  until  average  system  noise  exceeds  local  circuit  noise  by 
10  -  20  db. 


i  i 
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Block  Diagram 


The  range  gate  after  the  preamp  must  have  high  enough  attenuation  to 
gate  out  clutter  and  the  remains  of  main  bang  feed-through.  Were  it  placed 
before  the  preamp,  its  insertion  loss  would  have  raised  the  system  noise 
figure  considerably.  After  range  gating  we  can  translate  to  a  more  normal 
i.f.,  60  Me,  with  a  more  normal  bandwidth,  2  Me.  The  output  of  this  i.f. 
amplifier  drives  a  bolometer  detector.  The  bolometer  output  goes  through 
a  sharply  tuned  1  Kc/s  amplifier  so  that  it  detects  only  the  modulation  on 
the  signal.  Post-detection  integration  is  performed  in  the  40  c/s  band¬ 
width  of  the  bolometer  amplifier,  as  described  before. 

Coherent,  or  predetection  integration  can  be  added  by  translating  either 
the  transmitted  signal  or  the  first  l.o.  by  1000  c/s  to  introduce  an  arti¬ 
ficial  doppler  shift.  This  can  now  be  detected  with  a  synchronous  detector 
instead  of  a  bolometer,  using  the  60  Me  oscillator  as  a  reference.  Of  course, 
the  1000  c/s  square  wave  modulation  is  not  used  in  this  case.  It  is 
important  that  the  frequency  offset  be  produced  in  the  signal  or  first  l.o., 
and  not  in  the  second  l.o.,  the  60  Me  reference,  or  the  prf.  Otherwise  the 
harmonics  of  gating  transients  would  also  beat  with  the  reference  to  produce 
a  false  output.  The  offset  can  be  produced,  for  example,  by  serrodyning  the 
TWT. 


In  order  to  obtain  the  full  benefits  of  coherent  integration,  it  is 
necessary  to  insure  that  most  of  the  signal  energy  is  contained  in  the  final 
bandwidth.  Since  the  typical  S-band  klystron  spectrum  is  on  the  order  of 
100  c/s  wide  this  condition  may  not  be  met  on  a  long  range.  And  if  a  4  c/s 
output  bandwidth  is  planned  then  some  form  of  stabilization  is  almost 
surely  needed,  even  on  a  25  ft.  range.  A  klystron  phase-locked  to  a  harmonic 
of  a  quartz  oscillator  can  have  a  spectrum  width  of  a  fraction  of  a  c/s.  No 
such  stabilization  is  required  for  a  non-coherent  system,  where  the  pre¬ 
detection  bandwidth  is  typically  a  Mc/s  or  more. 

Providing  a  1000  c/s  reference  and  two  quadrature  phase  detectors  after 
the  1000  c/s  amplifier  permits  measuring  signal  phase  as  well  as  amplitude. 
This  information  can  be  used  to  cancel  the  target  support  signal  as  has 
been  done  by  Fritsch  at  Lincoln  Laboratory. 

APPENDIX  I 

Non-Coherent  Integration  Gain 

The  previously  calculated  predetection  signal  to  noise  ratio  assumed 
totally  non-coherent  integration.  Actually  at  the  snr  obtained,  the  integra¬ 
tion  is  partly  coherent  and  a  more  exact  analysis  should  be  used. 

First,  to  find  the  pre-integration  snr  required,  we  use  not  Vl6,000,  but 
16,000,  i.e.  42  db.  Thus  20-42  =  -22  db.  Now,  since  the  output  spectrum  of 
the  detector  is  nearly  triangular  (at  low  snr),  and  1000  c/s  is  near  the  low 
end  (assuming  an  i.f.  band  pass  of  a  Mc/s  or  so),  we  must  have  an  average  snr 
3  db  less,  or  -25  db. 

From  square  law  detector  statistics^  we  find  that  to  obtain  this  output 
snr  requires  an  input  snr  of  -12.5  db.  This  compares  quite  favorably  with 
the  -1  db  snr  calculated  on  the  basis  of  wholly  non-coherent  integration. 
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INTRODUCTION 

This  paper  will  describe  in  detail  some  of  the  problems  encountered 
and  the  solutions  derived  during  the  instrumentation  and  operation  of 
the  short  pulse,  back  scatter  measurement  range  at  the  Ground  Systems 
Group  of  the  Hughes  Aircraft  Company  at  Fullerton,  California.  The  em¬ 
phasis  in  this  paper  will  be  on  problems  common  to  short  pulse  systems 
in  general,  and  on  the  signal  processing  and  data  recording  techniques 
that  have  been  developed  in  conjunction  with  the  Hughes  system. 

This  range  has  been  in  operation  for  more  than  a  year,  and  although 
excellent  results  have  been  obtained  in  the  measurement  of  numerous  test 
objects,  some  of  the  techniques  that  have  been  employed  could  be 
improved.  This  paper  will  attempt  to  point  out  these  areas  and  to 
prescribe  possible  improvements. 

SHORT  FULSE  MEASUREMENTS 

Short  pulse  radar  measurements  are  an  ideal  method  for  evaluating 
the  radar  cross  sections  of  various  geometric  configurations  and  for 
determining  the  effects  of  coating  materials,  since  the  short  pulse 
radar  return  permits  identification  of  the  scattering  joints  directly  as 
to  magnitude  and  position  on  the  test  object.  A  short  pulse  radar  is  in 
general  a  radar  whose  pulse  width,  or  range  resolution  cell,  is  small 
with  respect  to  the  range  dimension  of  the  object  being  measured.  There¬ 
fore,  each  scatter  point  and  specular  area  on  the  test  object  will  scatter 
back  to  the  receiver  a  discrete  pulse  which  will  be  identifiable  on  the 
display.  A  typical  short  pulse  radar  system  would  have  a  transmitted 
pulse  width  of  1  nanosecond,  which  would  correspond  to  an  r-f  signal 
bandwidth  of  1000  mc/s  or  a  range  resolution  cell  of  0.5  foot.  It  is 
this  high  degree  of  range  resolution  that  makes  the  short  pulse  radar 
so  valuable  as  a  tool,  but  it  also  imposes  some  severe  requirements  on 
the  system  instrumentation  as  to  stability  and  bandwidth.  Hie  synchro¬ 
nization  circuitry  in  the  radar  system  must  be  extremely  stable  so  that 
correlation  of  the  return  with  a  test  object  can  be  made  to  a  high 

degree  of  precision.  The  spectrum  of  the  pulse  must  not  be  distorted  in 

transmission  or  reception  so  that  the  shape  of  the  detected  signal 

envelope  will  not  be  widened  with  consequent  loss  in  range  resolution. 
Methods  of  data  processing  must  be  employed  that  are  capable  of  handling 
the  wide  bandwidth  of  the  detected  signal  envelope  as  well  as  the  wide 
dynamic  range  of  signal  amplitudes  that  are  to  be  expected  from  typical 
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targets.  In  addition,  range  ambiguities  in  the  form  of  side  lobes  of 
the  main  pulse  originating  from  reflections  and  distortions  in  the  com- 
ponent  parts  of  the  system  nrust  be  eliminated,  or  at  least  reduced  below 
the  level  of  any  anticipated  return  from  the  test  object. 

HUGHES  SHORT  PULSE  RADAR 

The  Hughes  radar  Is  shown  in  block  diagram  form  in  Figure  1,  to¬ 
gether  with  a  photograph  illustrating  the  relatively  small  size  of  the 
installation.  The  specific  information  on  some  portions  of  the  system 
is  omitted  for  security  reasons. 

Transmitter 

In  the  transmitter,  a  signal  is  generated  and  amplified  in  a 
traveling  wave  amplifier  that  is  gated  "on"  only  at  the  time  of  trans¬ 
mission,  so  that  the  amplifier's  noise  is  not  introduced  into  the  re¬ 
ceiver  during  the  time  of  desired  signed,  reception. 

Receiver 

IXie  to  the  wide  signal  bandvidths  associated  with  short  pulse 
radar  returns,  it  is  desirable  to  perform  as  much  amplification  as  Is 
possible  at  r-f  so  that  inherently  broad  band  amplifiers,  such  as 
traveling  wave  tubes,  may  be  employed  and  the  problems  found  in  broad 
bandwidth,  high  gain  video  amplifiers  may  be  circumvented.  Since  octave 
bandwidth  traveling  wave  amplifiers  are  commonly  available,  no  bandwidth 
reduction  of  the  receiver  signal  will  be  encountered,  even  though 
several  stages  of  amplification  are  cascaded.  The  noise  figure  of  the 
receiver  should  be  as  low  as  possible  to  take  full  advantage  of  the 
available  signal-to-noise  ratio,  and  the  receiver  should  have  sufficient 
output  power  to  ensure  that  a  wide  dynamic  range  of  signal  amplitudes 
can  be  handled. 

The  receiver  used  in  the  Hughes  radar  consists  of  three  cascaded 
traveling  wave  amplifiers.  This  receiver,  together  with  the  transmitter, 
defines  the  magnitude  of  the  noise  level  seen  on  the  display.  This  noise 
level  corresponds  to  the  return  which  would  be  received  from  a  10“°  square 
meter  target  located  on  the  range.  The  radar  system  is  then  capable  of 
recording  (with  a  10  db  signal-to-noise  ratio)  a  10“^  square  meter  test 
object  located  on  the  range. 

Detector 


The  requirements  placed  on  the  video  detector  in  the  short  pulse 
radar  are  very  stringent,  and  it  is  therefore  one  of  the  components 
which  must  be  selected  with  great  care.  It  must  provide  a  good  match  to 
the  r-f  signal  over  the  band  of  Interest,  have  sufficient  video  bandwidth 
to  assure  faithful  reproduction  of  the  detected  signal  envelope,  provide 


313 


Petotx'iic 


Measurement  Uadar  and  Jlecording 


3 


sufficient  video  voltage  to  the  display  so  that  a  minimum  of  video  ampli¬ 
fication  is  required,  and  have  a  predictable  transfer  function  or  "law". 
Commercially  available  detectors  fall  short  of  these .requirements, 
notably  in  the  area  of  video  bandwidth. 

A  detector  mount  was  constructed  for  use  with  the  Hughes  system  by 
incorporating  a  1N23  mixer  diode  in  a  modified  General  Radio  coaxial 
mixer  assembly.  The  r-f  input  was  terminated  resistively  in  50  ohms, 
and  the  diode  was  mounted  normal  to  the  center  conductor.  Most  of  the 
lumped  capacity  of  the  video  side  of  the  diode  was  removed  and  was 
replaced  by  the  distributed  capacity  of  a  length  of  coaxial  cable  which 
was  used  for  the  video  transmission  line.  This  video  cable  wa6  termi¬ 
nated  in  50  ohms  at  the  display  to  complete  the  detection  circuit. 
Measurements  were  made  of  VSWR  at  the  r-f  input  to  the  detector  mount 
and,  while  it  was  rather  high  (approximately  1.8  to  l),  it  was  fairly 
constant  over  the  band,  thereby  implying  a  constant  reflection  coeffi¬ 
cient.  Since  a  reflection  from  this  point  could  be  re-reflected  by  a 
system  discontinuity  and  appear  as  a  false  target  on  the  display,  a 
coaxial  isolator  was  added  at  the  detector  input  to  terminate  any 
reflections.  The  short  pulse  saturation  level  of  the  diode  in  this 
mount  was  measured  and  the  diode  was  found  to  be  capable  of  delivering 
1.5  volts  into  the  50-ohm  load.  The  video  bandwidth  of  the  mount  is 
excellent.  No  degradation  in  output  pulse  width  has  been  observed  for 
r-f  input  pulses  of  up  to  2000  mc/s  bandwidth  (0.5  nanosecond  pulse 
width) . 

Work  is  presently  in  progress  on  the  design  and  construction  of  wide 
band  detector  mounts  using  both  silicon  and  tunnel  diodes.  Considerably 
improved  rectification  efficiency  should  be  obtainable  with  tunnel  diodes 
due  to  their  intrinsically  lower  series  resistance  (which  is  on  the  order 
of  100  ohms)  as  compared  to  5000  ohms  for  the  silicon  point  contact  di¬ 
odes  that  have  been  used. 

DATA  DISPLAYS 

Hie  dynamic  range  of  the  magnitudes  of  the  returns  from  a  test 
object  may  be  very  great,  and  it  would  be  most  desirable  if  the  radar 
were  capable  of  instantaneously  displaying  radar  cross  sections  from 
10^  to  10"'  square  meter  without  distortion.  Such  is  not  the  case  since, 
if  the  receiver  gain  is  set  high  enough  so  that  the  10_5  square  meter 
target  is  discernible,  the  10'  square  meter  target  will  saturate  the 
receiver.  Conversely,  if  the  receiver  gain  is  reduced  such  that  the  10 ^ 
square  meter  radar  cross  section  target  just  brings  the  receiver  to 
saturation,  the  10” 5  square  meter  target  will  be  undiscernible  on  the 
display. 

This,  then,  gives  rise  to  two  criteria  for  the  radar.  The  first 
criterion  is  the  dynamic  range  of  signals,  or  of  radar  cross  sections, 
that  the  system  can  handle.  The  smallest  radar  cross  sections  which 
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can  be  displayed  are  determined  by  the  noise  figure  of  the  receiver  and 
the  transmitter  power  level,  and  the  largest  are  limited  by  receiver 
saturation.  Larger  radar  cross  sections  can  be  accommodated  by  adding 
attenuation  to  the  receiver  input.  The  second  criterion,  which  is  con¬ 
siderably  more  restrictive,  is  the  instantaneous  dynamic  range  of  the 
display.  It  is  determined  by  the  range  of  voltages  that  may  be  seen  on 
the  display  at  a  usable  level,  which  in  turn  is  determined  by  the 
detector's  transfer  function  or  "law"  and  the  physical  size  of  the 
display.  Figure  6  shows  the  transfer  characteristic  of  the  detector 
used  in  the  Hughes  system.  If  the  detector  is  driven  to  a  high  peak 
power  level,  well  above  the  square  law  region,  amplitude  compression  of 
the  signal  will  occur  which  will  in  effect  increase  the  usable  dynamic 
range  of  the  display.  In  the  Hughes  system  it  was  desired  to  have  an 
instantaneous  dynamic  range  of  30  db;  therefore,  operation  in  this 
region  of  the  detector  was  chosen.  The  ability  to  accommodate  a  wide 
range  of  target  magnitudes  was  implemented  by  the  addition  of  a  calibrated 
attenuator  at  the  receiver  input.  With  this  attenuator  set  to  zero,  the 
system  sensitivity  will  be  a  maximum.  The  receiver  operating  point  is 
held  at  this  level  during  all  measurements  by  adjusting  the  input  atten¬ 
uator  so  that  the  peak  of  the  incoming  signal  corresponds  to  a  reference 
on  the  display.  Since  the  radar  cross  section  corresponding  to  the 
reference  level  is  known,  any  incoming  signal  magnitude  can  be  determined 
by  using  the  attenuator  setting  to  correct  the  reference  level. 

The  data,  in  the  form  of  a  short  pulse  signature,  must  be  displayed 
for  observation  and  equipment  adjustment  on  a  device  that  is  capable  of 
handling  the  wide  video  bandwidth  involved.  Since  the  range -gated  Type 
A  display  is  the  most  useful  for  range  measurements,  it  was  employed  in 
the  Hughes  system.  In  this  type  of  display  the  target  amplitude  is 
shown  versus  the  sector  of  range  which  the  target  occupies.  Two  basic 
instruments  will  give  this  type  of  display  and  have  sufficient  bandwidth 
to  handle  the  video  information:  the  traveling  wave  oscilloscope  and  the 
sampling  oscilloscope. 

The  traveling  wave  oscilloscope  uses  a  slow  wave  structure  in  the 
cathode  ray  tube  to  deflect  the  beam,  thereby  achieving  very  high 
deflection  speeds.  It  is  a  real  time  device;  that  is,  it  gives  one 
sweep  for  each  transmitted  pulse,  thereby  displaying  the  instantaneous 
signature  of  the  target.  The  primary  disadvantage  of  this  instrument  is 
its  very  low  deflection  sensitivity,  requiring  about  10  volts  for  a 
deflection  of  one  centimeter,  and  the  small  size  of  the  display,  typically 
2  by  4  centimeters.  Hiotographic  techniques  may  be  used  to  increase  the 
effective  size  of  the  display,  but  video  amplification  is  necessary  to 
obtain  a  usable  input  signal  level.  A  wide  bandwidth,  solid  state  video 
amplifier  capable  of  a  20  volt  output  was  constructed  at  Hughes  to  allow 
the  use  of  this  instrument  with  the  Hughes  system;  however,  it  was  found 
that  the  versatility  of  the  sampling  oscilloscope  far  outweighed  the 
limited  advantage  of  the  real  time  display  for  most  measurement  purposes. 
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The  sampling  oscilloscope  constructs  a  display  by  consecutively 
sampling  the  video  information  on  a  periodic  basis.  Since  it  requires 
many  radar  returns  to  construct  a  single  complete  display,  a  transforma¬ 
tion  from  real  time  to  a  much  longer  time  base  is  performed  in  the 
instrument.  This  is  particularly  advantageous  for  radar  signature 
measurements  because  the  horizontal  and  vertical  components  of  the  dis¬ 
play  are  available  as  low  frequency  waveforms  and  may  be  processed  with 
conventional  narrow  bandwidth  techniques.  The  sampling  oscilloscope 
also  offers  very  high  voltage  sensitivity  at  the  input  so  that  no  video 
amplification  is  required.  The  main  disadvantage  of  this  instrument  is 
that  since  many  samples  are  required  to  make  up  a  single  display,  any 
target  motion  during  the  display  time  will  show  up  as  distortion  of  the 
target's  signature.  However,  for  high  pulse  repetition  frequencies  and 
stable  target  orientation  configurations,  this  effect  is  negligible. 
Therefore,  a  sampling  oscilloscope  was  chosen  as  the  primary  display 
device  for  the  Hughes  radar.  Figure  2  shows  the  return  from  a  9.500- 
inch  calibration  sphere  displayed  on  a  sampling  oscillograph. 

DATA  RECORDING  TECHNIQUES 

The  initial  means  of  data  recording  used  with  the  Hughes  radar  was 
an  X-Y  plot,  the  X  coordinate  being  range  and  the  Y  coordinate  return 
magnitude.  The  sampling  oscilloscope  provides  outputs  that  are  suitable 
for  use  with  a  conventional  X-Y  plotter. 

Because  the  power-to-voltage  transfer  function  of  the  detector  is 
very  nonlinear,  it  was  desired  to  shape  the  voltage  to  the  Y  coordinate 
input  to  modify  the  scale  factor  for  a  logarithmic  display.  A  simple 
diode  shaper  was  used  to  perform  this  scale  factor  modification.  The 
resulting  plots  of  the  radar  signature  data  were  made  on  11  x  17  inch 
graph  paper  with  typical  horizontal  scale  factors  of  from  1  to  3  feet 
of  range  per  inch  and  a  vertical  scale  factor  of  5  db  per  inch  below  the 
reference  level.  Figure  3  shows  the  data  format.  The  signature  recorded 
is  that  of  the  9*5°0  inch  diameter  calibration  sphere. 

In  addition  to  displaying  the  radar  signature,  it  is  necessary  that 
a  range  reference  be  provided  to  relate  the  signature  to  the  test  object 
for  scatter  point  correlation.  This  can  be  accomplished  by  triggering 
the  display  from  a  very  stable  trigger  which  is  precisely  delayed  from 
the  transmitted  pulse.  This  was  implemented  in  the  Hughes  system  by 
sampling  the  transmitted  pulse  and  introducing  it  into  the  receiver. 

By  passing  this  sync  pulse  through  the  receiver  the  effects  of  the 
traveling  wave  tube  transit  time  variations,  which  can  be  considerable, 
are  eliminated.  This  signal  is  then  picked  off  the  output  of  the 
receiver  through  a  directional  coupler,  detected,  and  delayed  in  a  coil 
of  coaxial  cable  whose  electrical  length  is  equal  to  the  two-way  range 
distance  to  this  test  object  before  being  applied  to  the  display.  The 
accuracy  obtained  in  correlating  a  single  return  with  its  scatter  point 
on  the  object  has  been  observed  over  an  extended  period  to  be  within 
l . 5  inche  s . 
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Figure  3.  Short  Pulse  Radar  Return  From  a  9» 500-Inch  Diameter  Sphere 


While  X-Y  plotting  as  a  method  of  data  recording  has  been  used  with 
considerable  success  at  the  Hughes  facility,  it  becomes  a  rather  time- 
consuming  process  when  large  amounts  of  data  are  to  be  recorded.  Each 
target  position  requires  setting  the  input  attenuator,  recording  this 
magnitude  on  the  graph,  and  making  the  actual  X-Y  plot  (which  consumes 
about  10  seconds  of  tracing  time).  To  reduce  the  time  involved  for  this 
portion  of  the  operation,  a  photographic  recording  system  is  currently 
being  implemented. 

The  X  output  from  the  sampling  oscilloscope  and  the  output  from  the 
amplitude  shaper  are  applied  to  a  large-screen  oscillograph.  This  dis¬ 
play  is  then  photographed  with  a  l6ram  camera  using  one  frame  for  each 
target  aspect  position.  Setting  the  input  attenuator,  which  is  at 
present  a  manual  operation,  will  be  replaced  with  an  automatic  technique. 
A  block  diagram  of  the  mechanization  is  shown  in  Figure  k.  In  this  tech¬ 
nique  the  manual  attenuator  at  the  receiver  input  will  be  replaced  with 
an  electronically  variable  attenuator  which  will  be  controlled  by  a 
voltage  shaper  and  amplifier  chain  such  that  the  amount  of  attenuation 
set  into  the  attenuator  will  be  directly  proportional  to  the  input  volt¬ 
age.  The  target  return  signal  at  the  receiver  output  will  be  peak- 
detecred  and  the  peak  level  stored  in  an  operational  integrator.  This 
voltage  will  then  be  applied  to  the  attenuator  at  the  receiver  input  and 
used  to  set  the  recorder  reference  level.  In  addition,  a  number  that 
indicates  the  amount  of  voltage  that  1b  applied  to  the  attenuator  will  be 
set  into  the  data  channel  on  the  recording  camera  and  photographed  with 
the  target  return.  Therefore,  each  frame  on  the  film  will  contain  all 
the  information  necessary  to  describe  the  target  signature  for  a  parti¬ 
cular  target  position.  This  recording  system  is  adaptable  to  manual  or 
mechanical  target  positioning  and  offers  a  method  of  obtaining  a  large 
amount  of  target  data  in  a  minimum  amount  of  recording  time  and  at 
minimum  cost. 

The  automatic  recording  system  may  also  be  modified  to  obtain  the 
data  directly  in  a  digital  form  on  tape  or  punched  cards.  The  mecha¬ 
nization  is  shown  in  Figure  5.  Data  taken  in  this  form  are  ideally 
suited  for  use  in.  computers  with  a  minimum  amount  of  manual  processing. 
The  data  unit  that  defines  each  target  position  must  contain  the  target 
aspect  angle,  polarization  of  the  signal,  target  magnitude  reference 
level,  the  range  reference  index,  and  the  magnitude  of  the  return  as  a 
function  of  range.  The  information  corresponding  to  target  designation, 
aspect  angle,  and  polarization  may  be  placed  on  the  tape  by  manually 
operated  punch  keys  or  automatically  by  means  of  suitable  switching 
circuits,  depending  mainly  on  whether  manua'.  or  automatic  target  posi¬ 
tioning  is  used.  The  horizontal  scale  on  tie  sampling  oscilloscope, 
which  indicates  range,  is  divided  into  range  increments  or  cells.  This 
may  be  easily  accomplished  on  the  sampling  oscilloscope  by  converting 
the  stepped  horizontal  sweep  that  is  used  in  constructing  the  sampled 
display  into  a  series  of  pulses  by  differentiating  it.  Each  pulse  then 
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defines  the  start  of  a  range  increment,  and  the  number  of  range  incre¬ 
ments  in  the  total  display  may  be  determined  by  the  samples  per  division 
control  on  the  oscilloscope.  The  vertical  output,  which  comes  from  the 
signal  shaper,  is  introduced  into  an  analog-to-digital  converter  which 
gives  a  numerical  output  proportional  to  the  vertical  voltage  input. 

The  range  increment  pulses  are  recorded  on  the  tape  and  concurrently 
cause  the  output  of  the  analog-to-digital  converter  to  be  written  on  the 
tape.  The  tape  will  therefore  contain  one  magnitude  reading  for  each 
range  increment  pu.lse.  The  number  of  range  increments  should  be  chosen 
such  that  at  least  10  occur  during  each  range  cell  as  defined  by  the 
resolution  (or  pulse  width)  of  the  radar.  This  will  allow  reasonably 
good  reconstruction  of  the  target  return  from  the  digitized  data.  In 
the  Hughes  system,  the  range  displayed  on  the  sampling  oscilloscope  for 
a  large  target  is  15  feet.  The  horizontal  scale  on  the  oscilloscope 
contains  10  divisions,  so  that  a  sampling  rate  of  30  samples  per  division 
will  give  a  total  of  300  samples  in  15  feet  of  20  samples  per  foot. 

SUMMARY 

The  Hughes  short  pulse  radar  has  been  used  with  considerable  success 
to  obtain  radar  cross  section  data  from  a  wide  range  of  test  objects. 

The  use  of  the  sampled  display  as  a  vehicle  for  data  recording  has 
proved  to  be  most  satisfactory  because  it  permits  a  number  of  recording 
methods  to  be  employed.  Consideration  is  now  being  given  to  the  addition 
of  precision  phase  measurement  equipment  to  the  system  so  as  to  allow  the 
measurement  of  the  relative  phase  between  individual  scatter  point  returns. 
This  added  information  will  permit  correlation  between  the  short  pulse 
return  from  a  test  object  and  the  CW  or  long  pulse  return,  extending  the 
usefulness  of  short  pulse  measurement  data. 
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*  A  METHOD  OF  PHASE  MEASUREMENT 
FOR  PULSED  RADAR  SYSTEMS 

Bernd  Falk,  Design  Specialist 
General  Dynamics/Fort  Worth 


ABSTRACT 

This  paper  contains  a  description  of  a  phase  measuring  technique  in 
which  feedback  principles  are  used.  A  feedback  loop  around  the  entire  IF 
system  is  used  to  eliminate  the  errors  and  nonlinearities  that  would  re¬ 
sult  from  simple  phase  detection  of  the  IF  output.  Several  amplitude  and 
phase  plots  of  typical  radar  targets  are  presented.  Application  of  the 
equipment  to  the  direct  measurement  of  the  scattering  matrix  and  back¬ 
ground  subtraction  are  briefly  discussed. 

INTRODUCTION 

The  need  for  measurement  of  radar  cross  section  amplitude  is  well 
established,  The  measurement  of  phase  on  a  radar  cross  section  range 
enables  the  determination  of  other  significant  target  and  range  param¬ 
eters.  The  most  significant  applications  are  (1)  subtraction  of  the 
background  returns  and  (2)  determination  of  the  scattering  matrix.  En¬ 
couraging  results  have  been  obtained  from  experiments  designed  to  allow 
subtraction  of  background  returns  from  measured  cross  section. 

In  order  to  describe  the  scattering  properties  of  a  target  complete¬ 
ly,  an  infinite  number  of  polarisations  relative  to  target  orientation 
are  required.  Phase  measurement  techniques  may  be  employed  to  determine 
coefficients  of  the  scattering  matrix  directly.  From  the  scattering 
matrix,  the  cross  section  of  arbitrary  polarizations  may  be  determined. 
By  using  direct  phase  measurement,  three  sets  of  runs  are  required  to 
determine  the  scattering  matrix.  At  this  writing,  experiments  are  being 
planned  to  verify  scattering  matrix  techniques. 

TECHNICAL  APPROACH 

Figure  1  is  a  block  diagram  of  the  phase  and  amplitude  measuring 
instrumentation.  The  received  signal  is  mixed  with  a  local  oscillator 
signal  to  obtain  a  60-megacycle  IF  signal.  Following  the  IF  amplifier 
is  a  range  gate  which  allows  only  echoes  at  the  desired  target  range  to 
be  gated  through  the  circuit.  The  gated  pulses  are  detected  and 
stretched  in  a  boxcar  circuit  to  provide  an  output  voltage  which  is  pro¬ 
portional  to  the  echo  signal  strength. 

A  standard  60-megacycle  pulsed  signal  is  injected  into  the  IF  system 
at  a  time  sufficiently  delayed  after  main  bang  that  no  target  echos  are 
received.  This  pulsed  signal  is  fed  through  a  precision,  servo-driven 
attenuator  to  the  input  of  the  IF  system.  The  range  gate  and  boxcar 
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circuits  act  on  this  pulsed  signal  in  the  same  way  as  they  act  on  the 
target  echo  signal.  Output  of  the  boxcar  circuit  is  now  a  rectangular 
wave  if  the  amplitude  of  the  echo  and  reference  signal  are  not  equal. 
The  amplitude  of  this  rectangular  wave  is  proportional  to  the  differ* 
ence  between  the  amplitude  of  the  echo  and  standard  signals. 

This  rectangular  wave  is  fed  to  an  error  detector  circuit  in  which 
it  is  demodulated  and  used  to  generate  a  servo-drive  correction  volt¬ 
age  which  is  proportional  to  the  amplitude  difference  between  the  echo 
and  the  standard  signals.  This  correction  voltage  is  fed  to  the  servo 
motor  which  drives  the  precision  reference  attenuator  until  the  ampli¬ 
tude  of  the  standard  and  target  echo  signals  are  equal.  Potentiometers 
and  a  digital  shaft  encoder  are  connected  to  this  shaft  to  read  out  (T . 

The  technique  used  in  the  phase-measuring  equipment  is  based  on  the 
principle  of  comparing  the  signal  phase  with  the  phase  shift  produced 
by  a  precision  phase  shifter.  A  servo  loop  is  used  to  make  the  two 
phase  shifts  Identical.  Since  range  gating  is  effected  at  the  inter¬ 
mediate  frequency,  phase  information  is  preserved  through  the  range 
gate.  The  60-megacycle  IF  which  results  from  the  input  signal  is  fed 
to  the  phase  detector  circuit  and  compared  with  the  reference  60- 
megacycle  signal.  The  output  of  the  phase  detector  Is  a  positive  or 
negative  pulse  depending  on  whether  the  IF  signal  is  in  phase  or  out  of 
phase  with  the  phase  detector  reference.  A  bipolar  boxcar  circuit  is 
used  to  stretch  this  pulse.  The  amplitude  of  the  boxcar  output  voltage 
is  proportional  to  the  phase  difference  of  the  IF  and  reference  signal. 

The  standard  pulse  la  also  processed  through  the  phase  channel  to 
produce  a  rectangular  wave  output  from  the  bipolar  boxcar  circuit  in 
which  the  amplitude  Is  proportional  to  the  phase  difference  between  the 
echo  and  the  standard  signal.  The  polarity  of  the  rectangular  wave 
will  be  proportional  to  the  phase  error  sense.  This  rectangular  wave 
is  processed  In  the  error  detector,  as  previously  described,  and  is 
used  to  drive  a  servo  motor.  The  motor  will  operate  until  the  phase 
of  the  standard  pulse  and  the  echo  signal  are  equal.  Potentiometers 
and  shaft  encoders  may  be  connected  to  the  motor  shaft  to  serve  as 
phase  readout  mechanisms. 

The  reason  for  the  inclusion  of  the  electronic  phase  shifter  is  not 
immediately  apparent.  If  it  were  omitted,  phase  would  still  be  meas¬ 
ured  independently  of  IF  phase  shift  since  both  echo  and  reference 
signals  pass  through  Identical  circuitry.  However,  it  Is  possible  for 
the  circuit  to  operate  about  a  false  null.  This  application  may  result 
from  phase  shifts  in  the  IF  and  gating  circuits.  This  false  null  can 
be  brought  about  by  cumulative  phase  shifts  in  the  IF  system.  The  for¬ 
ward  loop  gain  of  the  servo  loop  depends  on  the  relative  phase  of  the 
signal  and  the  reference  at  the  phase  detector.  Use  of  the  electronic 
phase  shifter  assures  that  the  phase  detector  always  has  a  reference 
which  i 8  in  the  required  phase.  This  operation  is  accomplished  by 
sampling  the  output  of  the  bipolar  boxcar  circuit  and  adjusting  the 
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reference  phase  for  a  zero  average  voltage  at  the  bipolar  boxcar  output. 
FREQUENCY  STABILIZATION 

On  an  outdoor  range,  range  length  is  usually  long  relative  to  wave* 
length.  Therefore,  small  changes  in  frequency  will  cause  relatively 
large  changes  In  the  received  signal  phase.  For  the  worst  case,  fre¬ 
quency  stabilities  In  the  order  of  1  part  in  10^  are  required.  Frequency 
stabilization  of  the  transmitted  frequency  is  achieved  by  phase- locking 
a  microwave  signal  source  to  a  quartz  crystal  oscillator  by  use  of  one 
of  the  recently  introduced  oscillator  synchronizers. 

The  frequency  determining  circuitry  is  shown  in  Figure  2.  A  micro- 
wave  oscillator  is  frequency-stabilized  by  the  synchronizer.  The  output 
signal  of  the  oscillator  is  used  as  the  receiver  local  oscillator  signal. 
Transmitted  frequency  is  derived  from  the  local  oscillator  signal  by  use 
of  a  "side-stepping"  technique.  The  60-megacycle  oscillator  provides 
signals  for  the  sidestep  mixer  as  well  as  for  the  phase-measuring  loop, 
to  ensure  that  the  system  is  completely  coherent. 

TYPICAL  DATA 

Figure  3  is  a  representation  of  phase  measurements  made  on  a  large 
sphere  mounted  on  a  styrofoam  column  approximately  11  centimeters  from 
the  axis  of  rotation.  Theoretically,  a  sine  wave  should  be  traced  out 
as  shown,  A  maximum  error  in  the  order  of  6  degrees  is  indicated  for 
this  run.  Both  range  and  equipment  errors  are  present  in  this  type  of 
measurement . 

The  application  of  phase  measurements  to  background  subtraction  is 
shown  in  Figures  4  through  7.  In  each  case,  a  run  is  made  to  plot  the 
amplitude  and  phase  of  the  background  and  the  styrofoam  column  as  the 
column  is  rotated  one  turn.  The  target  is  then  mounted  atop  the  column, 
and  the  run  repeated.  If  it  is  assumed  that  the  target  and  the  back¬ 
ground  add  linearly,  the  true  target  cross  section  may  be  determined 
by  performing  a  vector  subtraction  as  indicated  below: 

CT" Target  =»  (JfTarget  +  Background)  -  0  Background 

The  results  obtained  with  a  2-inch  sphere  are  shown  in  Figures  4 
and  3.  No  attempt  was  made  to  reduce  initial  background  level.  Target 
and  background  signals  were  almost  equal.  Consequently,  large  variations 
were  present  in  the  measured  return  (background  +  target).  Computed 
target  return  is  also  shown.  The  degree  to  which  cross  section  varia¬ 
tions  are  smoothed  out  is  one  measure  of  the  usefulness  of  the  subtrac¬ 
tion  technique.  Cross  section  obtained  after  subtraction  agrees  with 
the  theoretical  value  of  the  sphere  to  within  +  1/2  db.  Subtraction 
results  obtained  with  a  30-degree  sphere-cone  are  shown  in  Figures  6 
and  7.  In  the  nose-on  region,  background  returns  were  larger  than  the 
target . 
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CONCLUSIONS 


The  feasibility  of  making  phase  measurements  on  a  pulsed  ground  plane 
radar  range  has  been  demonstrated.  An  experimental  program  Is  continuing 
in  the  areas  of  background  subtraction  and  scattering  matrix. 


Figure  2.  Frequency  Determining  Circuits 
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Figure  3.  Phase  Measurement  of  Off-Center  Sphere 
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Figure  6.  Amplitude  Plot  -  Sphere  Cone 
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Figure  7.  Phase  Plot  -  Sphere  Cone 


RF  PHASE  STABILITY  REQUIREMENTS 
FOR  BALANCED  CW  REFLECTOMETERS 

William  D.  Fortner,  Senior  Electronics  Engineer 
Micronetics  Incorporated 

ABSTRACT 

An  analysis  is  presented  which  indicates  the  critical 
dependence  of  the  background  cancellation  capability  of  a 
CW  reflectometer  on  the  frequency  stability  of  the  trans¬ 
mitter  as  well  as  the  mechanical  stability  of  both  the 
microwave  circuitry  and  the  environment. 

The  importance  of  using  an  antenna  with  an  exceedingly 
low  VSWR  in  a  truly  monostatic  CW  system  is  emphasised.  The 
desirability  of  equalizing  and  minimizing  (insofar  as  pos¬ 
sible)  the  length  of  background  signal  paths  and  nulling 
signal  paths  is  shown. 

The  bearing  of  the  analysis  on  both  CW  reflectometer 
design  and  CW  range  design  is  discussed  briefly. 

INTRODUCTION 

Balanced  CW  reflectometers  (CW  reflectometers  employing 
background  cancellation)  represent  one  of  the  oldest  and 
most  widely  used  instrumentation  schemes  for  performing  RCS 
measurements.  This  instrumentation  technique  is  relatively 
inexpensive  and  is  conceptually  simple. 

This  type  of  reflectometer  is  subject  to  several  well 
known  limitations''-.  Its  use  is  most  appropriate  to  a  re¬ 
stricted  class  of  target-wavelength  combinations  which  in¬ 
cludes  VHF  and  UHF  measurements  involving  relatively  large 
targets  as  well  as  higher  frequency  measurements  involving 
physically  small  targets. 

The  effectiveness  with  which  a  background  signal  can  be 
cancelled  depends  firstly  on  the  degree  to  which  the  back¬ 
ground  is  independent  of  the  target  and  secondly  on  the 
phase  stability  of  the  transmitted  signal,  the  stability  of 
the  environment,  and  the  mechanical  stability  of  the  radar 
components^- . 

The  analysis  of  an  idealized  "equivalent  circuit"  model 
and  the  discussion  which  follows,  indicates  the  critical 
dependence  of  background  cancellation  capability  on  the 
factors  listed  in  the  foregoing  paragraph  and  suggest  some 
expedients  for  optimizing  the  performance  of  the  Balanced 
CW  Reflectometer. 


RF  PHASE  STABILITY  ANALYSIS 


Equivalent  Circuit 

The  idealized  equivalent  circuit  to  be  analyzed  ia 
shown  in  Figure  la.  The  signal  propagating  around  the  long 
loop,  Path  #1,  is  taken  to  be  analogous  to  a  background 
signal  encountered  on  a  reflectivity  range.  The  signal 
propagating  across  the  short  loop,  Path  #2,  is  the  nulling 
signal.  An  alternate  equivalent  circuit  is  shown  in  Figure 
lb.  Figure  la  represents  a  dual  antenna  (quasi-monostatic 
or  bistatic)  reflectometer .  Figure  lb  represents  a  single 
antenna  reflectometer.  As  far  as  the  analysis  is  concerned, 
the  two  circuits  are  identical  provided  the  assumptions 
listed  below  are  made. 

Assumptions 

The  following  simplifying  assumptions  are  made: 

1.  Perfect  directivity  of  directional  couplers 
shown  in  Figure  la. 

2.  Perfect  isolation  of  the  E  and  H  arms  of  the 
magic  tee  in  Figure  lb. 

3.  A  discrete  source  of  background  interference. 

4.  Free  space  propagation  velocity. 

The  first  two  assumptions  may  result  in  optimistic 
numerical  results.  The  third  is  an  obvious  oversimplifica¬ 
tion.  Its  only  justification  is  simplification  if  an  out¬ 
door  range  is  being  considered,  but  in  the  case  of  an  ane- 
choic  chamber,  it  is  acceptable  as  a  “worst  case"  provided 
the  differential  length  between  Path  #1  and  Path  #2  is  taken 
to  be  approximately  twice  the  chamber  length.  (In  general, 
the  background  will  be  due  to  N  loops  of  various  lengths 
with  N  very  large.)  The  fourth  assumption  is  realistic  for 
the  case  where  Path  #1  is  a  free  space  path  and  is  much 
longer  than  Path  #2 . 

Basic  Relations 


Let  Ei  and  E2  be  the  field  strengths  of  the  signals 
propagating  along  Path  #1  and  Path  #2  respectively. 


EX  =  lEj  e^wt  *  f  *1 
E2  =  |  E2|  ejwt  '  ^  z2 
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Figure  la.  Equivalent  Circuit  for  Dual-Antenna  Balanced  CW 

Ref lectometer  and  Range 
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Path  #1 
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Figure  lb. 
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Equivalent  Circuit  for  Single  Antenna  Balanced 
Ref lectometer  and  Range 


(2) 


Where  Y  is  the  conventional  propagation  constant 

r  -  a  +  j/3 


Separating  the  phase  terms 


Ei  = 

E2  = 


* 

lEol 


ejwt  -  a  zij 
ejwt  -  a  z 


Let 


Z1 

e"3^  z2 ' 


IeJ  e^  ’A  Z1  =  E0l 

Ie2I  e^wt  -  a  z2  =  Eq2 

Then  equations  (1)  and  (3)  can  be  rewritten 

Ej  =  E0l  e‘j£  Z1 

E,  =  E  e"^  z2 
2  02 


(3) 


(4) 


(5) 


The  level  of  the  "background  reflection"  can  be  adjusted 
to  any  appropriate  value  via  the  attenuator  in  Path  #1.  Can¬ 
cellation  is  achieved  by  adjusting  the  attenuator  and  phase 
shifter  in  Path  #2  so  that  E2  is  equal  in  amplitude  and  in 
counterphase  with 


In  general,  the  total  field  strength,  Et,  at  the  detector 
is  the  sum  of  Ej^  and  E2. 


Et  -  B].  +  E2 

r.  2 

The  resultant  power,  P,  is  proportional  to  lEt| 


P  a  lEtl  2  =  E012  +  E022  +  2EC 


>1  °2 


cos 


(Zj-Zj,)] 


For  complete  background  cancellation,  E 


oi 


Pcc  2E°i  I1  +  cos  (zl"z2)]}  =  0 

Meaning,  for  the  non-trivial  case,  that 
Cos  £  (z1-z2)j  =  -1 


E„  and 
°2 


Let 


z 1  —  -  L 


and  let 


(B  (z1-z2)  = 


2n 


L  = 


2nL 


f  =  0. 


(6) 

(7) 

(8) 

(9) 

(10) 

(ID 
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It  is  convenient  to  let 
2^1  +  cos  0J  =  £  c 


(12) 


which  may  appropriately  be  called  the  quieting  factor;  the 
zero  subscript  indicates  that  free  space  propagation  veloci¬ 
ties  are  involved. 


By  equations  (8),  (9)  and  (12),  it  is  necessary  that 


=  0 


(13) 


min 


for  complete  background  cancellation.  This  can  be  true 
only  if 

0  =  0Q  -  (2n-l)n  = 
by  (12)  and  (13) . 


f  0 ,  n  =  1 ,  2 ,  3  .  . 


(14) 


It  is  now  desirable  to  determine  how  sensitive  null  de¬ 
gradation  is  to  incidental  frequency  modulation,  frequency 
drift,  and  spurious  spectral  content  of  the  transmitter 
output.  Differentiate  (11) 

d 0  _  2  XL 

df  c 

or  in  incremental  form 


A0  - 


-  2ifL 


A  f . 


(15) 


Hence,  when  a  frequency  shift  is  introduced,  the  quieting 
factor  becomes 


f 


=  2  I  1  +  cos  (0r 


+A  0)J 


cr,  in  view  of  (14)  , 

£  0  =  2  £  1  -  cos  A  0j 
Rearranging  (17) 

Cos  A  0  =  1 - ^-2— 


(16) 


(17) 


(18) 


The  series  expansion  for  cos  A  0  is 


Cos  A  0  =  1  - 


(A  0) 

2! 


1.4.0)' 

4: 


(19) 
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For  the  situation  of  interest  A  0  <  <  1  so  that  all  terms 
past  the  second  in  equation  (19)  will  be  insignificant .  It 
then  follows  from  (18)  and  (19)  that 


£0  -  <A0)2  -  -4”-?l2  (A  f)2 


(20) 


Figure  2  is  a  graph  of  £  -  versus  A  f .  If  an  anechoic  chamber 
reflects  a  known  amount  of  power  into  the  receiver,  then  the 
amount  of  quieting  necessary  to  reduce  the  background  to  a 
specific  level  can  be  determined  via  the  radar  range  equation 


G2\2(T 
(4k)  3R4 


(21) 


Hence,  the  maximum  allowable  frequency  deviation  of  the  RF 
transmitter  can  be  determined  from  equation  (20)  or  Figure  2. 

Sample  Analysis  -  Phase  Stability 

Assume  an  anechoic  chamber  situation  as  described 

below: 


a.  Chamber  length 


20  meters 


b.  Background  cross-section 
referenced  to  a  range  of 
6  meters 


B 


-20  dbsm 


R=6  meters 


* 

i 

I 

t 

i 

1 


c . 

Reflectometer  antenna  gain 

G  -  30 

db 

d. 

Measurement  frequency 

o 

rH 

II 

Gc 

• 

e . 

Receiver  sensitivity 

Pr 

min 

-95 

dbm 

f. 

Cross-section  to  be 
measured 

^  min 

-60 

dbsm 

and  the  corresponding  maximum  allowable 
frequency  deviations  A  f  ■  ? 


The  radar  range  equation  reads 


pr  =  G2!2  <T 

Pt  (4*)  3R4 " 


(23) 


Substituting  conditions  (22)  b,  c,  d  and  g  into  (23)  and 
converting  to  decibel  notation,  one  finds  that  the  ratio  of 
received  power  (due  to  background  reflections)  to  trans¬ 
mitted  power,  Pr  /Pt>  is 


uncompensated 


=  -55  db. 


(24) 


The  maximum  allowable  background  level,  <T B 
and  h,  is 


R*15 


,  by  (22)  f 


B 


-74  dbsm. 


|R=15 


(25) 


The  required  compensated  ratio  of  Pr 
by  substituting  conditions  (22) c  B 
the  radar  range  equation  yielding 


pt 


(compensated 


-125  db. 


to  Pt  can  be  calculated 
through  h  into 


(26) 


The  difference  between  (26)  and  (24)  is  the  required  value 
for  the  quieting  factor. 


o 


[required 


-70  db. 


(27) 


The  receiver  signal-to-noise  ratio,  by  (22)  i,  is  to  be 
14  db  so 


Pt  *  +30  dbm  «»  1  watt.  (28) 

If  £  m  constant,  then  L^f  *  constant  in  equation  (20). 
Hence,  it  is  simple  to  interpolate  from  the  L  =  1  meter 
scale  or  the  L  =  10  meter  scale  of  Figure  2  in  order  to  find 
the  necessary  quieting  factor  for  any  other  L. 

For  L  ■  10  meters  and£Q  =  -70  db,  Figure  2  indicates 
that  _ 

Af  =  1.5  x  10-5  cycles/sec.  (29) 
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The  L  of  interest  Is  about  40  meters  (twice  the  chamber 
length)  so  for  %  ■  -70  db, 

A  fx  =  l2  A  f2 

10  x  (1.5  x  10"3)  =  40  (Af2) 


Af 

=  390  cps. 

max 

(30) 

Recapitulating 

Pt  =*  +30  dbm 

(28) 

£  °  -70  db 

*  o 

(27) 

Af 

=  390  cps 

(30) 

max 


for  the  conditions  of  equation  (22) . 


Values  of  Quieting  Factor  for  Waveguide  Systems 

Equation  (15)  was  derived  on  the  assumption  that 
only  free  space  propagation  velocity  was  encountered.  When 
the  expression  for  waveguide  propagation  velocity  is  sub¬ 
stituted  for  c  in  equation  (11),  differentiation  yields 

(31) 


Pigure  3  is  a  graph  of  1/  •n  -(fc/f)2  versus  f/f c  over  the 
range  of  f/fc  representing  the  standard  waveguide  bandwidth 
for  the..  TEq .  mode.  It  demonstrates  that  the  factor 
1/  V  l-(fc/f)2  varies  between  2.1  at  the  low  end  of  the 
band,  and  1.42  at  the  high  end  of  the  band.  Furthermore,  it 
iB  clear  that,  for  the  values  of  Afwhich  might  be  encountered 
(A  f/fQ  <  10“®),  the  value  of  1/  vAl- (fc/f ) 2  will  remain 
essentially  constant.  So  it  is  justifiable  to  write 


Aj* 


2*L 


A  f 


c  v/l-  tp) 7 


and 


[i-t|£)2] 

tO 


(32) 


(33) 
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The  subscript,  g,  indicates  that  waveguide  propagation 
velocities  are  involved.  Figure  4  is  a  plot  of 
versus  f/f«  for  the  range  of  f/fc  representing  the^stafidard 
waveguide  bandwidth  for  the  TE0^  mode. 

VSWR  Problems 


When  a  single  antenna  CW  re flee tome ter  is  used,  the 
VSWR  may  be  a  significant  source  of  "background  interference". 
Figure  5,  a  graph  of  Pr/Pt  versus  VSWR,  will  demonstrate 
this  point. 

Consider 

VSWR  =  1.1,  (34) 


an  excellent  value  in  the  context  of  general  antenna  practice. 
Figure  5  indicates  that 


=  -26  db 


(35) 


uncompen  sated 


The  required  value  of  Pr/Pt  was  stated  by  equation  (26)  to 
be 


rB 


■  -125  db 


compensated 


Hence,  the  required  value  of  4  g  is 


-99  db. 


(26) 


(36) 


Assume  a  differential  path  length  between  the  VSWR  path 
and  the  balancing  path  =  1  meter, 

L  =  1  meter.  (37) 


By  Figure  4, 

£ 


g  = 


=  4  db. 


(38) 


Hence 


,  the  equivalent  value  of  £  is 


t,  -  f. 


=  -103  db. 


(39) 


equiv. 
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From  Figure  3/  one  finds  that 
A  f  I  =  340  cps 


a  value  slightly  more  stringent  them  that  imposed  by  the 
reflection  from  the  chamber  itself.  The  value  of  L  =  1 
meter  can  normally  be  bettered  considerably  with  careful 
reflectometer  layout. 

MECHANICAL  STABILITY  ANALYSIS 

The  manner  in  which  L  affects  RF  phase  stability  re¬ 
quirements  is  indicated  by  equations  (20)  and  (33) . 

The  manner  in  which  thermal  expansion  and  similar  mechani¬ 
cal  instabilities  will  affect  background  cancellations  is 
also  interesting. 


Note  that 
v  _  2ffLf 


1-(|£) 


Phase  shift  due  to  change  of  differential  path  length  is 
given  by 


A0  = 


ri-  &) 2  Al 

ro 


4n2f  2 


mech . 


t1-#2]  <Al> 


Sample  Analysis  -  Mechanical  Stability 
Consider  a  reflectometer  as  follows: 
f  =  10  Gc. 

( 

L  *  1  meter. 

The  coefficient  of  expansion  for  brass  is  approximately 
€  =  2  x  10"5/c°.  i 

Hence,  for  RG-52/U  waveguide, 

Al  =  2  x  10-5  m/co 
(Al)2  =  4  x  io-10  (m/cT)2 


With  the  result 

£g  *=  -51.5  db  (47) 

which  is  47.5  db  worse  than  the  value  of  £  specified  by 
equation  (36) .  5 

This  example  indicates  emphatically  that  L  should  be 
minimized,  and  that  temperature  control  of  the  environment 
of  the  reflectometer  may  sometimes  be  necessary. 

CONCLUSIONS  AND  RECOMMENDATIONS 

Equations  (20),  (33)  and  (43)  indicate  the  dependence 
of  background  cancellation  capability  on 

a.  Transmitter  R F  phase  stability 

b.  System  geometry  ; 

c.  System  mechanical  stability. 

The  simplified  analysis  may  reasonably  be  applied  to 
anechoic  chamber  scattering  range  design  and  operation. 

The  analysis  indicates  that 

a.  Chamber  design  should  strive  to  minimize  uncompen¬ 
sated  background  level. 

b.  Af  should  be  as  small  as  reasonable. 

c.  Line  lengths  should  be  minimized. 

d.  Environmental  temperature  control  is  desirable. 

e.  Mechanical  vibration  should  be  minimized. 

The  approach  to  minimizing  line  lengths  and  L  within  the 
waveguide  network  is  straight  forward. 

Features  of  chamber  design  which  would  tend  to  minimize 
uncompensated  background  level  include: 

a.  Longitudinal  baffles  (perhaps  controversial). 

b.  Extremely  high  performance  absorber. 

c.  Dimensions  as  large  as  practicable. 
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A  back  wall  which  can  be  opened  out  during  fair  weather 
is  reportedly  used  by  Conductron  with  favorable  results.  If 
a  back  wall  must  be  tolerated,  it  is  possible  to  minimize 
the  L  involved  in  cancelling  its  reflection  by  making  the 
section  of  the  wall  which  intercepts  half  of  the  incident 
power  conveniently  and  remotely  moveable  along  the  direction 
of  the  incident  beam.  The  target  should  be  mounted  as  far 
from  the  back  wall  as  the  minimum  range  criterion  permits 
and  should,  of  course,  be  centered  in  the  antenna  beam. 
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NANOSECOND  PULSE  SCATTERING  SYSTEMS 


Robert  R.  Hively,  Vice  President 
Micronetics  Incorporated 


ABSTRACT 

A  description  of  the  pulsed  radar  scattering  systems  in 
use  at  Micronetics  is  presented,  with  some  discussion  of 
the  gated  receiver  and  the  handling  of  data.  In  addition, 
the  low  cross  section  model  mounts  used  by  Micronetics  will 
be  described. 

PULSED  RADAR  SYSTEMS 

Transmitters 


The  pulsed  transmitters  in  use  at  Micronetics  are 
generally  categorized  according  to  pulse  duration  as  long 
pulse,  intermediate  pulse,  and  short  pulse  transmitters. 

Long  Pulse  The  term  "long  pulse"  refers  to  the 
pulse  length  relative  to  the  length  of  the  model  being 
measured.  All  long  pulse  radars  use  magnetrons  as  the  basic 
r.f.  source,  and  the  magnetrons  are  driven  by  a  line  type  or 
hard  tube  modulator.  The  magnetron  tube  types  and  their 


pulse  durations 

are  as  follows: 

Pulse  Duration 

Frequency  Band 

(Nanoseconds) 

Maqnetron  Tvpe 

L 

200 

Raytheon  5J26 

C 

250 

RCA  6521 

X 

100 

Western  Electric  725A 

*u 

250 

Raytheon  QK400 

Ka 

250 

Microwave  Associates  5789 

These  pulse  duration?  are  long  enough  that  the  target  being 
measured  is  immersed  in  an  essentially  CW  field,  and  they 
are  short  enough  to  enable  accurate  range  gating  within  the 
confines  of  the  range.  The  modulation  techniques  used  are 
quite  conventional  and  will  not  be  described  further  in  this 
paper.  The  peak  transmitted  power  in  each  case  is  a  nominal 
500  watts  and  the  pulse  repetition  frequency  normally  used 
is  1000  pulses  per  second. 

Intermediate  Pulse  The  intermediate  pulse  dur¬ 
ation  available  at  Micronetics  is  10  nanoseconds  at  X-band, 
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with  a  maximum  peak  power  output  of  25  kilowatts.  The  basic 
r.f.  source  for  the  10  nanosecond  pulses  is  the  X-band  magne¬ 
tron-modulator  combination  used  for  long  pulse  measurements. 
The  pulses  generated  by  the  magnetron  are  100  nanoseconds  in 
duration  with  a  peak  power  of  about  50  kilowatts  and  a  rise 
time  of  slightly  less  than  10  nanoseconds.  To  obtain  a  fast 
rise  time  on  the  main  bang  pulses,  it  was  necessary  to 
slightly  degauss  the  magnetron's  magnet.  These  pulses  are 
then  fed  into  a  high  power  ferrite  limiter  with  a  10  nano¬ 
second  reaction  time.  For  the  first  10  nanoseconds  of 
duration  of  the  main  bang,  the  ferrite  limiter  causes  about 
3  db  loss  to  the  signal,  and  after  10  nanoseconds,  it  reaches 
subsidiary  resonance  and  absorbs  the  remaining  power  in  the 
pulse.  The  result  is  an  inexpensive  source  of  10  nanosecond 
pulses  at  a  moderately  high  power  level.  This  technique  was 
developed  as  Micronetics-sponsored  research,  and  acknowledg¬ 
ment  is  given  to  Dr.  M.  T.  Weiss  for  helpful  discussions  and 
references .1 

The  major  function  of  10  nanosecond  pulses  is  their  in¬ 
herent  reduction  in  background  noise  when  measuring  low 
cross  section  models  whose  physical  length  is  much  less  than 
10  feet.  Since  the  background  noise  of  the  Micronetics  range 
is  below  10“7  square  meters  with  long  pulses,  the  10  nano¬ 
second  pulses  have  not  found  wide  usage.  They  would,  how¬ 
ever,  find  good  application  for  indoor  ranges  where  back¬ 
ground  noise  is  a  problem. 

Short  Pulse  The  short  pulse  durations  used  at 
Micronetics  have  the  following  characteristics: 


Freq .  Band 

Duration 

(Nanoseconds) 

Peak  Power 
(Watts) 

(Pulses 

PRF 

Per  Second) 

L 

0.4 

0.5 

100 

to  100K 

X 

0.4 

0.5 

100 

to  100K 

X 

0.7 

100 

500 

to  2000 

The  pulses  having  durations  of  0.4  nanosecond  are  generated 
by  a  variation  of  a  technique  described  by  Pulfer  and  Whit- 
ford  .  The  technique  basically  amplifies  the  r.f.  compon¬ 
ents  of  a  short  video  pulse  to  provide  a  short  r.f.  pulse. 
The  video  pulse  is  fed  into  the  r.f.  input  of  a  traveling 
wave  tube,  and  a  0.4  nanosecond  r.f.  pulse  results.  These 
pulses  are  usable  at  repetition  rates  variable  up  to  100K 
pulses  per  second,  and  the  peak  power  can  be  amplified  with 
off-the-shelf  traveling  wave  tubes.  Pulses  have  been  gen¬ 
erated  by  this  technique  at  L,  S,  C,  and  X-bands. 

The  pulse  described  in  the  above  list  with  a  duration 
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of  0.7  nanosecond  is  simply  the  spike  leakage  through  a  TR 
tube.  The  peak  power  level  is  100  watts  and  the  pulse  repe¬ 
tition  rate  is  determined  by  the  magnetron-modulator  source; 
normally  1000  pulses  per  second.  Photographs  of  this  pulse 
are  contained  in  a  paper  in  Session  VI  of  this  symposium 
titled  "Sub-Nanosecond  Pulse  Methods  Of  Radar  Cross  Section 
Measurement" . 

Receivers 

The  receivers  used  by  Micronetics  are  variations  of 
a  basic  unit.  At  L-band,  the  receiver  consists  of  a  precis¬ 
ion  attenuator,  a  low-noise  TWT,  a  one  watt  TWT,  a  PIN  modu- 
lator-3,  a  filter,  a  detector,  and  a  recording  device.  In 
all  other  frequency  bands  the  attenuators  are  replaced  by 
attenuators  for  the  appropriate  band,  and  a  mixer  (with  local 
oscillator  power)  is  inserted  ahead  of  the  L-band  low  noise 
TWT.  The  balance  of  the  system  then  becomes  an  IF  system 
with  L-band  as  the  IF  frequency.  The  PIN  modulator  is  used 
to  provide  a  100  nanosecond  range  gate  that  is  adjustable 
in  range. 

Long  Pulse  For  long  pulse  reception,  the  filter 
described  under  "Receivers"  is  a  narrow  band  pass  filter  to 
limit  the  noise  power  at  the  L-band  r.f.  or  IF  frequency. 

The  detector  is  a  bolometer  and  the  recording  device  is  a 
rectangular  chart  recorder. 

Intermediate  or  Short  Pulse  For  the  10  nanosecond 
pulse  duration  and  the  sub-nanosecond  pulses,  the  filter  is 
removed  from  the  receiver  since  greater  receiver  bandwidth 
is  required.  The  detector  is  normally  a  special  germanium 
diode  in  a  special  mount.  This  detector  is  designed  to  have 
good  transient  (or  instantaneous  broad  band)  response.  The 
detected  signal  is  then  displayed  on  a  sampling  oscilloscope 
and  data  is  obtained  either  manually  from  the  scope  display, 
photographically  from  the  scope  display,  or  on  a  chart  re¬ 
corder  driven  by  the  deflection  voltages  of  the  scope.  It 
is  also  possible  to  record  these  intermediate  and  short 
pulse  signals  on  a  rectangular  chart  recorder.  This  is 
accomplished  by  using  an  AGC  loop  between  the  oscilloscope 
and  the  one  watt  TWT,  and  using  a  portion  of  the  AGC  signal 
to  drive  the  recorder.  With  this  signal,  range  gating  to 
six  inches  has  been  achieved. 

The  bandwidth  requirements  for  the  short  pulse  receiver 
are  quite  stringent.  The  measured  spectrum  of  the  sub¬ 
nanosecond  pulse  reveals  that  it  is  triangular  in  shape  with 
a  spectrum  about  700  megacycles  wide  at  the  half  power  points. 
The  significant  spectrum,  however,  is  about  1000  megacycles 
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wide  and  this  requires  that  all  components  in  the  receiver 
have  at  least  a  1000  megacycle  bandwidth  to  prevent  distor¬ 
tion  of  the  pulses. 

Duplexing 

In  all  scattering  radars  used  at  Micronetics,  du¬ 
plexing  is  accomplished  using  a  ferrite  circulator  at  the 
antennas  and  the  PIN  modulator  in  the  receiver  to  provide 
120  or  more  db  isolation  between  the  transmitter  and  re¬ 
ceiver.  The  only  exception  is  the  bistatic  range  where 
space  duplexing  is  used  by  physical  separation  between  the 
transmitting  and  receiving  antennas. 

LOV  CROSS  SECTION  MOUNTS 

Styrofoam 

Cylindrical  styrofoam  columns  are  normally  used  as 
support  structures  for  models  of  relatively  high  radar  cross 
section  at  Micronetics.  In  an  attempt  to  reduce  the  specu¬ 
lar  return  from  the  styrofoam  columns,  several  were  placed 
in  a  lathe  and  circumferential  grooves  of  various  depths 
were  cut.  As  one  would  expect,  a  reduction  of  cross  section 
of  about  12  db  resulted .  While  this  provided  much  better 
mounts  with  very  little  reduction  in  .->trength,  it  was  still 
not  adequate  for  some  measurements  that  are  desired.  The 
lowest  cross  section  obtained  to  date  for  a  16-inch  diameter 
shaped  column  is  10-4  square  meters  at  X-band.  It  is  now 
planned  to  cut  a  series  of  grooves  with  resonant  dimensions 
in  a  styrofoam  column  to  determine  the  effect  at  a  fixed 
frequency . 

Nylon  Cord  Suspension 

A  suspension  system  has  just  been  installed  and 
tested  at  Micronetics,  and  the  preliminary  results  are  ex¬ 
cellent.  This  system  consists  of  a  pair  of  telephone  poles 
at  a  range  of  150  feet  from  the  antennas,  with  nylon  sup¬ 
port  cords  on  top  and  nylon  position  cords  attached  to  the 
bottom  of  the  model.  The  poles  are  set  so  they  are  inclined 
20  degrees  away  from  the  antennas.  Care  has  been  taken  to 
insure  that  no  part  of  the  system  is  perpendicular  to  the 
radar  line-of-sight .  As  of  the  end  of  December,  the  system 
has  been  evaluated  only  at  X-band  and  one  set  of  low  cross 
section  measurements  has  been  made.  The  background  contri¬ 
bution  due  to  the  nylon  cords  is  10“^  square  meters  when 
the  main  nylon  cord  is  hanging  vertically,  but  drops  to 
below  10-7  square  meters  when  the  cord  is  tilted  at  a  small 
angle.  Evaluation  at  other  frequencies  will  be  made  early 
in  1964. 
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THE  AUTOMATIC  RECORDING  OF  EFFECTIVE 
RADAR  CROSS  SECTION 

Charles  W.  Matthis,  Jr.,  Research  Engineer 
The  Boeing  Company,  airplane  Divis  ion-Wichita  Branch 


A  plotter  that  records  the  average  value  of  radar  cross 
section  of  targets  at  the  same  time  that  the  instantaneous 
value  is  recorded  was  designed  for  use  with  existing 
Scientific-Atlanta  radar  reflectivity  range  measurement 
equipment.  The  term  "average  value'  as  used  here  is  the 
integral  of  the  square  root  of  the  target  radar  cross  section 
as  a  function  of  aspect.  The  equipment  1b  capable  of  plotting 
the  average  radar  cross  section  over  a  40  DB  range  in  amplitude 
in  increments  of  2  degrees,  5  degrees,  and  10  degrees  target 
aspect.  Recording  the  average  value  electronically  reduces 
the  time  required  for  manual  reduction  of  instantaneous  data 
to  average  or  median  values.  The  plotter  is  particularly 
useful  in  the  analyses  of  comparative  data  between  model 
configurations. 


INTRODUCTION 

The  signatures  of  the  Instantaneous  monostatic  radar  cross  sections 
recorded  on  backscatter  ranges  are  as  varied  a3  there  are  varied 
geometries  utilized  as  targets.  These  variations  in  recorded  cross 
section  will  range  from  the  essentially  straight  line  of  the  sphere 
to  a  rapidly  scintillating  return  depending  upon  the  complexity 
(number  of  scattering  sources  on  the  target)  and  the  ratio  of  the 
length  to  wavelength  of  the  scattering  elements. 

Unless  one  la  interested  in  the  derivation  of  empirical  equations, 
or  in  the  comparison  of  theory  to  measured  values,  the  instantaneous 
recorded  radar  cross  section  of  complex  targets  such  as  aircraft 
is  normally  smoothed  to  an  effective  radar  cross  section.  We  shall 
consider  effective  radar  cross  section  of  an  aircraft  as  that  value 
of  cross  section  which  can  be  converted  into  a  probable  radar 
detection  range  for  the  aircraft  in  question. 

RADAR  DETECTION  PROBABILITIES 

One  form  in  which  the  radar  range  equation  may  be  written  is: 


1 


1 


\ax 
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This  equation  generally  assumes  that  the  radar  cross  section  of  the 
airplane,  the  only  factor  not  associated  with  the  radar,  is  a 
constant.  The  radar  cross  section  actually  scintillates  and  changes 
radically  in  value  from  moment  to  moment.  Radars  tend  to  respond 
to  the  average  of  the  scintillations  over  the  time  of  illumination 
for  at  least  one  scan. 

The  reasons  for  the  fluctuation  in  the  radar  cross  section  of 
an  aircraft  are  the  rapid  changes  in  aspect  during  flight  at  which 
the  radar  observes  the  target  and  the  rapid  change  in  radar  cross 
section  with  aspect.  The  causes  for  the  changes  in  aspect  are  as 
follows : 


The  aircraft  changes  its  geometrical  relationship  to  the 
radar  as  it  moves  along  its  path  in  a  curved  earth  coordinate 
system. 


Air  turbulence  and  the  match  of  the  autopilot  or  pilot  to 
the  aircraft  response  characteristics  causes  the  aircraft  to 
oscillate  about  its  own  pitch,  roll,  and  yaw  axis.  This  results 
in  changes  of  aspect  with  respect  to  the  radar. 

Bending  in  the  airframe  causes  changes  in  radar  cross 
section  as  seen  by  the  observing  radar. 

DATA  SMOOTHING  TECHNIQUES 

There  are  several  methods  of  smoothing  the  instantaneous  recorded 
data  to  a  value  more  representative  of  that  observed  by  radar  systems. 
Two  techniques  which  should  be  mentioned  are  the  average  radar  cross 
section  and  the  median  radar  cross  section. 

Average  Radar  Cross  Section 

The  average  radar  cross  section,  perhaps  the  most  meaningful 
way  to  express  effective  radar  cross  section,  is  simple  in  concept 
but  difficult  to  obtain  using  manual  techniques.  To  obtain  the 
average,  the  data  must  first  be  converted  from  the  logarithmic  scale 
normally  used  to  record  the  instantaneous  cross  section  to  linear 
values  and  then  averaged. 

Median  Radar  Cross  Section 


The  median  radar  cross  section  has  been  more  universally  used 
to  smooth  recorded  data  because  of  the  relative  ease  with  which  the 
median  value  can  be  obtained.  Since  the  logarithm  of  a  quantity 
increases  with  the  magnitude  of  the  quantity,  the  median  value  of 
the  recorded  logarithmic  plot  is  equivalent  to  the  median  value  of 
the  linear  data.  In  pracxice,  the  median  value  over  a  specified 
interval  may  be  obtained  by  inspection.  When  a  sharp  rise  or  drop 
occurs  in  the  radar  cross  section  within  a  given  interval,  the  median 
value  will  not  follow  the  rapid  change  as  well  as  the  average,  a 
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detailed  examination  of  median  and  average  radar  cross  sections  of 
aircraft  performed  by  McDonald  and  Strattan^-  showed  that  the 
differences  in  the  two  values  are  not  large  and  the  two  values  are 
considered  to  be  reasonably  compatible. 

AVERAGE  FIELD  VOLTAGE  INTEGRATOR 

Several  technicians  are  required  to  process  the  output  from  a 
single  reflection  range  to  obtain  median  radar  cross  section  plots 
from  the  recorded  instantaneous  plots  utilizing  manual  methods. 

A  need  was  apparent  for  a  device  that  would  automatically  smooth  the 
data  to  a  value  representative  of  effective  cross  section  at  the 
same  time  permitting  retention  of  the  instantaneous  plot. 

p 

Dr.  Larry  Clayton  and  Mr.  George  M.  Potter  of  Scientific-Atlanta 
designed  and  built  an  integrator,  the  Scientific-Atlanta  Model  SP-173 
Average  Field  Voltage  Integrator,  which  is  used  to  automatically 
average,  over  each  of  a  number  of  angular  sampling  increments,  the 
detected  signal  from  the  receiving  antenna  on  the  Boeing -Wichita 
Radar  Reflection  Ranged.  The  averaged  value  of  field  voltage  for 
each  increment  is  step-plotted  on  a  slightly  modified  antenna 
pattern  recorder.  A  graph  of  the  amplitude  of  the  integrated 
signal  versus  angular  orientation  is  produced.  This  output  may  be 
described  by  the  equation: 


Sampling  increments  were  provided  for  2,  5  and  10  degree  intervals. 

The  input  to  the  Average  Field  Voltage  Integrator  is  obtained 
from  a  modified  potentiometer  in  the  recorder  used  to  plot  the 
instantaneous  radar  cross  section.  One  eection  of  the  ganged 
potentiometer  serves  as  the  normal  balance  potentiometer  for  the 
instantaneous  value  recorder  while  the  second  section  is  energized 
with  a  constant  dc  voltage  from  the  integrator  unit  and  develops  a 
dc  output  which  is  proportional  to  the  field  voltage  of  the  receiving 
antenna. 

A  synchro -driven  sample -pulse  generator  controls  the  sampling 
and  plotting  processes  over  selectable  angular  increments.  In 
addition,  pulses  from  the  ssmple-puise-generator  section  are  used 
to  develop  an  indication  of  positioner  speed. 

As  the  dc  signal  from  the  potentiometer  is  integrated,  a  similar 
integration  is  performed  upon  a  constant  dc  voltage.  The  stored 
output  of  this  secondary  integrator  is  used  ao  a  reference  voltage 
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for  the  pen-function  amplifier  used  in  the  average -value  pattern 
recorder  which  is  the  output  device  for  the  integrator  unit.  The 
secondary  integrator  accomplishes  an  automatic  compensation  for 
variations  in  sample -pulse  rate. 

When  a  sample  pulse  is  generated,  the  following  sequence  is 
initiated  {see  block  diagram  in  Figure  l): 

(1)  The  attained  values  of  the  primary  and  secondary 
integrators  are  stored. 

(2)  Both  integrators  are  reset  and  allowed  to  begin  a 
new  integration  cycle. 

(3)  The  pen-servo  amplifier  of  the  average-value  recorder 

is  energized,  thus  allowing  the  pen  to  assume  a  position 
as  dictated  by  the  previously  stored  valuea  from  the 
primary  and  secondary  integrators.  After  a  sufficient  time 
for  plotting,  the  pen-servo  amplifier  is  de-energized. 

(4)  All  control  circuits  are  returned  to  an  initial  state  to 
await  the  next  sample  pulse. 

The  output  recorder  thus  develops  an  average -value  recording 
of  the  detected  signal  from  the  receiving  antenna. 

COMPARISON  OF  DATA 

A  scaled  model  of  an  aircraft  was  measured  on  the  reflection 
range.  At  the  same  time  that  the  Instantaneous  radar  cross  section 
was  recorded  the  Average  Field  Voltage  Integrator  was  used  to  obtain 
an  average  plot  of  the  radar  cross  section.  The  median  radar  cross 
section  was  obtained  manually  from  the  instantaneous  plot.  A 
comparison  of  the  average  and  the  median  plots  obtained  is 
presented  in  Figure  2. 

CONCLUSIONS 

Anytime  the  instantaneous  recorded  radar  cross  section  of  a  target 
is  altered  in  an  attempt  to  smooth  the  data,  information  is  lost. 

The  significance  of  this  loss  must  be  weighed  against  the  advantages 
obtained  by  the  smoothing  while  considering  the  intended  use  for 
which  the  data  was  obtained. 

The  use  of  an  average  field  voltage  integrator  similar  to  the 
one  herein  described  is  considered  to  give  data  useful  in  determining 
target  detection  against  radar  systems  and  for  the  comparison  of 
data  obtained  from  different  model  configurations. 
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Median  Radar  Cross  Section  Obtained  Every  6  Degrees 
Average  Radar  Cross  Section  Obtained  Every  5  Degrees 
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*A  METHOD  OF  STATIC  RADAR  CROSS  SECTION 
MEASUREMENT  FOR  PULSED  RADAR  SYSTEMS 

J.  M.  Murchison,  Group  Engineer 
General  Dynamics /Fort  Worth 


ABSTRACT 

This  paper  contains  a  description  of  a  unique  receiving  system  for 
the  measurement  of  radar  cross  section  by  use  of  a  pulsed  radar.  The 
receiver  incorporates  a  closed  loop  servo  system  wherein  the  target 
echo  and  a  reference  signal  are  compared  and  the  amplitude  of  the  refer¬ 
ence  signal  is  adjusted  until  it  is  equal  to  that  of  the  echo  signal. 

The  reference  signal  is  introduced  at  the  IF  frequency  and  is  adjusted 
by  use  of  a  motor-driven  wave  guide  "beyond-cutoff"  type  of  attenuator. 
Reference  signal  attenuation  is  directly  related  to  echo  signal  ampli¬ 
tude  when  the  system  is  at  null,  and  the  shaft  position  of  the  refer¬ 
ence  attenuator  therefore  represents  the  relative  radar  cross  section. 

INTRODUCTION 

Since  the  determination  of  static  radar  cross  section  involves  the 
illumination  of  a  target  with  a  microwave  source  and  the  recording  of 
the  reflected  energy  as  a  function  of  aspect  angle,  some  unusual  and 
stringent  requirements  are  placed  on  the  receiving  system.  Amplitude 
variations  of  the  reflected  signal  can  be  of  such  a  magnitude  that 
the  dynamic  range  of  the  receiving  and  recording  equipment  must  be  in 
the  order  of  50  db.  In  addition,  pulsed  systems  must  be  capable  of 
operation  through  a  suitable  bandwidth,  and  means  of  selecting  the 
desired  reflection  (range  gate)  must  also  be  provided.  The  receivers 
commonly  used  for  antenna  pattern  measurements  are  not  suitable  since 
they  are  designed  for  use  with  CW  or  square  wave  signals  and  are 
characterized  by  rather  limited  sensitivity.  The  simple  recording  of 
the  peak  pulse  amplitude  of  a  receiver  output  would  limit  the  dynamic 
range  to  that  of  the  receiver  with  a  fixed  gain  setting. 

Two  systems  designed  to  circumvent  the  above  mentioned  problems 
are  in  common  use.  One  system  incorporates  a  receiver  similar  to 
these  used  in  tracking  radars  ^Figure  1).  In  this  receiver,  the  AGC 
voltage  is  recorded  a3  a  measure  of  received  signal  amplitude.  The 
dynamic  range  of  this  receiver  can  be  well  in  excess  of  the  required 
40  to  50  db,  but  the  linearity  and  stability  are  not  suitable  for 
many  applications  since  they  are  functions  of  the  AFC  characteristics 
of  the  IF  amplifier.  Another  system  incorpora.es  an  attenuator  which 
is  placed  in  the  RF  input  to  the  receiver  (Figure  2).  As  determined 
by  the  AGC,  receiver  output  voltage  is  maintained  at  a  constant  level 
by  means  of  a  servo  system  which  is  used  to  drive  an  RF  attenuator. 

This  system  is  capable  of  stable  operations  and  linear  measurement, 
but  it  has  the  disadvantage  of  operating  at  a  fixed  signal-to-noise 

^Patent  rights  reserved 
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ratio,  and  different  attenuators  must  be  provided  for  each  frequency 
or  band  of  operation. 

In  the  spring  of  1961,  the  Aerosyatems  Laboratories  at  General 
Dynamics/Fort  Worth  developed  a  new  receiving  system  for  broadband 
radar  croaa  section  measurements.  This  system,  known  as  "The  Sigma 
Servo  System,"  operates  over  a  frequency  range  determined  only  by  the 
choice  of  mixers  and  local  oscillators;  it  has  a  stable,  linear,  dynamic 
range  of  SO  db.  The  amplitude  of  the  received  signal  is  available  in 
the  form  of  a  shaft  position;  consequently,  digital  and  analog  output 
data  are  available  on  the  basis  of  the  transducers  used  In  a  particular 
operation.  The  receiver  is  range-gated  and  may  be  operated  with  sig¬ 
nal  and  gate  pulse  widths  as  low  as  0.1  second. 

THE  SIGMA  SERVO  RECEIVER 

Description 

A  simplified  block  diagram  of  the  sigma  servo  receiving  system 
is  shown  in  Figure  3.  The  receiver  is  a  superheterodyne  which  in¬ 
corporates  hybrid  mixers  and  passive  preselection.  Received  signals 
are  heterodyned  to  the  IF  frequency  before  comparison  with  the  refer¬ 
ence  signal.  No  RF  amplification  is  used  so  that  all  active  devices 
subject  to  gain  variations  or  limited  dynamic  range  are  included  in 
the  feedback  loop.  The  reference  pulse  is  coupled  to  the  IF  r-ipllfier 
input  along  with  the  mixer  output.  The  time  relation  of  the  trans¬ 
mitted  pulse  and  other  signals  in  the  system  are  shown  in  Figure  4.  A 
PRF  of  1000  pulses  per  second,  with  a  resulting  interpulse  period  of 
1000  microseconds,  may  be  chosen  for  the  discussion  of  system  operation. 
The  reference  pulse  occurs  at  one-half  of  the  interpulse  period  (500 
microseconds)  which  corresponds  to  a  radar  range  of  approximately  40 
miles.  As  shown  in  Figure  4,  the  range  gate  is  opened  alternately  to 
pass  first  the  desired  echo  (target  pulse)  and  then  the  reference 
pulse  to  the  recycling  peak  detector.  The  local  oscillator  is  turned 
on  insnediately  after  "main  bang"  and  off  before  the  reference  pulse 
time  (1)  to  preclude  the  possibility  of  undealred  echos  which  can 
cause  interference  with  the  reference  signal  and  (2)  to  reduce  IF 
saturation.  The  detector  output  may  have  an  ac  component  that  is 
essentially  a  square  wave  in  which  the  amplitude  is  proportional  to 
any  difference  between  the  amplitude  of  the  reference  signal  and  that 
of  the  echo  signals.  The  phase  of  this  square  wave  is  compared  to 
the  echo  and  reference  gate  times  (as  phase),  and  it  will  be  of  one 
phase  when  the  echo  is  larger  and  of  a  different  phase  (180  degrees) 
when  the  reference  is  larger.  The  detector  output  also  has  a  dc  com¬ 
ponent  that  is  proportional  to  received  signal  strength.  The  dc  out¬ 
put  is  delayed  and  fed  back  to  the  IF  gain  control  line  to  maintain 
the  desired  IF  and  detector  levels.  The  ac  component  is  fed  to  a 
phase- sensitive  demodulator;  the  output  of  the  demodulator  is  a  dc 
voltage  proportional  in  polarity  and  magnitude  to  any  difference  be¬ 
tween  the  reference  and  echo  signals.  This  voltage  is  converted  by 


means  of  a  synchronous  modulator  to  a  400-cycle  per  second  error  signal 
that  causes  the  reference  attenuator  servo  motor  to  drive  In  such  a 
manner  as  to  reduce  the  error  to  tero.  Any  difference  between  the  ref¬ 
erence  and  echo  signals  causes  an  error  signal  and  a  compensating  move¬ 
ment  by  the  reference  attenuator;  therefore,  reference  attenuation  Is 
a  continuous  measure  of  the  magnitude  of  the  received  signal.  Trans¬ 
ducers  placed  on  the  drive  shaft  of  the  reference  attenuator  provide 
both  analog  and  digital  outputs. 

Design  Considerations 

The  Reference  Attenuator.  In  effect,  the  sigma  servo  receiver 
is  a  high-speed,  automatic,  power  ratio  meter.  The  reference  atten¬ 
uator  is  used  as  the  standard,  and  the  linearity  and  stability  of  this 
device  determines  that  of  the  system.  The  attenuator  is  a  waveguide- 
beyond-cutoff  type  of  unit.  The  insertion  loss  of  the  attenuator  la 
approximately  15  db  beyond  that  point  at  which  attenuation  Is  a  linear 
function  of  travel.  Since  the  attenuator  Is  operated  at  a  fixed 
frequency  (60  megacycles),  both  the  input  and  output  couplers  are  tuned 
to  resonance  and  loaded  to  obtain  the  desired  50-ohm  Impedance.  Aside 
from  linearity  and  stability,  which  are  Inherent  In  this  type  of 
attenuator,  the  main  requirement  placed  on  the  reference  attenuator  is 
that  of  low  driving  torque  to  permit  rapid  changes  in  attenuation. 
Attenuators  used  in  the  sigma  servo  receivers  were  specially  designed 
in  the  Aerosystems  Laboratories  at  General  Dynamics/Fort  Worth. 

IF  Amplifiers.  Operation  of  the  sigma  servo  receiver  is  predi¬ 
cated  on  the  assumption  that  the  IF  amplifier  and  subsequent  detection 
circuitry  react  in  exactly  the  same  manner  to  the  echo  and  reference 
signals.  The  use  of  this  approach  imposes  several  rather  severe  re¬ 
quirements  on  the  IF  amplifier;  the  first  of  which  is  that  of  fast  re¬ 
covery.  The  receivers  at  General  Dynamics /Fort  Worth  are  operated  in 
conjunction  with  1000-watt  transmitters  on  a  quasl-monostatlc,  ground 
plane  range.  In  practice,  it  has  been  found  that  "main  bang"  may 
result  in  a  receiver  input  of  up  to  +10  dbm,  which  is  more  than  suffi¬ 
cient  to  cause  complete  saturation.  Desirable  operating  ranges  are 
such  that  target  echos  may  occur  as  soon  as  0.4  microsecond  after 
"main  bang,"  and  the  IF  circuitry  must  be  designed  so  that  recovery  is 
complete  within  this  interval.  Dynamic  range  is  another  consideration. 
A  50-db  operating  range,  coupled  with  a  possible  requirement  for  20-db 
minimum  slgnal-to-noise  ratio,  indicates  that  the  receiver  must  operate 
over  a  range  of  75  db  above  noise  without  pulse  distortion.  Distortion 
that  would  be  tolerable  in  a  typical  radar  system  is  not  acceptable  in 
a  system  where  peak  pulse  amplitude  is  of  Interest.  Still  another 
consideration  is  "Miller  Effect"  since  a  change  in  either  center 
frequency  or  band  pass  characteristics  of  the  IF  as  a  function  of  sig¬ 
nal  level  will  almost  invariably  produce  different  effects  on  the  refer¬ 
ence  and  echo  signals,  and  there  will  be  a  corresponding  degradation  in 
system  linearity. 
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Ctt«  Circuitry.  A  high-level  IF  range  gate  was  chosen  for  the 
eigne  servo  receiver.  General  Dynamics /For C  Worth  has  had  extensive 
experience  vlth  various  methods  of  range  gating  In  connection  with 
radar  simulation  activities,  and  choiee  of  a  high-level  IF  gate  was 
indicated  by  a  consideration  of  recovery  time,  gate  width,  and  the 
requirement  for  a  120-db  on-to-off  ratio  with  a  minimum  of  gating 
pulse  leakage.  A  high  on-to-off  ratio  (inferred  to  the  receiver  input) 
is  readily  achievable  with  a  high-level  gate  since  at  this  point  the 
gate  ratio  is  only  required  to  exceed  the  dynamic  range  of  the  pre¬ 
ceding  IF  stages.  Catlng  pulse  leakage  is  held  to  a  minimum  through 
the  use  of  low  gain  between  the  gate  and  the  detector,  and  leakage  la 
well  below  receiver  thermal  noise  without  any  special  balance  or 
threshold  adjustments. 

SYSTEM  PERFORMANCE 

System  performance  characteristics  are  summarized  in  Table  I. 

TABLE  I  -  PERFORMANCE  CHARACTERISTICS 


Frequency  coverage 

Determined  by  RF 
components 

Sensitivity 

Typically  96  dbm 

IF  noise  figure 

2.0  db 

Bandwidth 

10  <ac 

Bandpass 

Geussian 

Pulse  width 

. 1  microsecond 

PRF 

500  to  5000  pps 

Gate  width 

.1  microsecond 

Recovery  time 

.4  microsecond 

Dynamic  range 

50  db 

Linearity 

+  .5  db 

Maximum  response 

120  db/second 

Outputs 

Analog  and  digital 

Figures  5  and  6  are  typical  linearity  curves  for  the  sigma  servo  re¬ 
ceiver.  Figure  S  was  obtained  by  positioning  the  range  gate  to  select 
a  large  fixed  target  and  recording  the  signal  variations  produced  by  a 
precision  attenuator  placed  in  Berles  with  the  receiver  input.  During 
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this  particular  test  ihe  absolute  level  of  input  varied  between  -75  and 
•25  dbm.  Figure  6  is  the  plot  of  a  series  of  calibration  spheres  which 
demonstrates  the  linearity  obtainable  in  overall  measurement.  Record¬ 
ings  from  which  this  data  was  obtained  were  made  at  a  range  of  500 
feet  and  a  frequancy  of  1.7  glgacyclee. 

System  response  to  a  step  input  of  10  db  is  shown  in  Figure  7. 

Damping  can  be  adjusted  to  any  desired  value  by  varying  loop  gain  and 
rate  feedback.  For  damping  factors  between  .5  and  1.0  the  velocity 
error  is  typically  less  than  0.5  db/100  db/aecond. 

Figure  8  is  a  typical  vehicle  cross  section  data  plot  obtained  with 
the  sigma  servo  receiver.  The  vehicle  was  a  small,  approximate  sphere- 
cone  test  object,  and  the  measuring  frequency  was  1.2  gigacycles. 

Azimuth  rotation  rate  was  approximately  .25  &PM,  and  the  pattern  was 
retraced  as  a  demonstration  of  system  stability  and  the  ability  to  re¬ 
peat  previous  measurements  with  a  high  degree  of  accuracy. 

SUMMARY 

The  sigma  servo  receivers  have  been  in  constant  use  for  over  two 
years  on  the  General  Dynamics /Fort  Worth  Radar  Cross  Section  Range. 

No  more  than  a  normal  amount  of  routine  maintenance  has  been  needed  for 
these  receivers,  and  their  initial  cost  has  been  more  than  offset  by 
the  accuracy  of  data  and  ease  of  operation.  The  basic  technique  of 
the  sigma  servo  receiver  has  been  adapted  to  the  square  wave  system 
used  in  the  anechoic  chamber  at  General  Dynamics/Fort  Worth,  and  it 
has  proven  completely  successful  in  this  application.  It  is  readily 
apparent  that  the  technique  could  be  used  for  antenna  pattern  measure¬ 
ments  and  would  offer  a  considerable  improvement  In  sensitivity  and 
stability  over  conventional  techniques.  The  application  would  be 
quite  similar  to  that  in  the  anechoic  chamber  where  recording  sensi¬ 
tivities  in  the  order  of  -125  dbm  have  been  realized.  Other  applications 
of  the  algma  servo  receiving  system  are  being  investigated  In  the 
Aerosystem8  Laboratories  at  General  Dynamics/Fort  Worth,  and  patents 
have  been  applied  for  for  this  and  related  techniques. 
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Figure  7.  Response  Co  lOdb  Seep  Input 


Figure  8.  Typical  Data 
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POLARIZATION  ASPECTS  OF  RADAR  REFLECTIVITY  MEASUREMENTS 

R.  D.  Tompkins 

U.  S.  Naval  R  search  Laboratory 
Washington,  D.C.  20390 

ABSTRACT  Current  interest  in  polarisation  diversity  radars  requires 
a  better  understanding  of  the  target  influence  on  polarisation  coupled 
with  an  awareness  of  the  potential  of  polarisation  diversity  for  target 
identification,  signal  enhancement,  and  clutter  rejection.  This  paper 
will  briefly  review  the  introduction  of  the  polarisation  scattering 
matrix  into  the  radar  range  equation,  discuss  Lome  of  its  implications 
and  applications,  and  describe  some  measurement  techniques  and  com¬ 
ponents  which  can  be  used  to  determine  this  matrix. 

INTRODUCTION  The  polarisation  of  a  wave  backseat tered  by  a  radar 
target  constitutes  an  lnportant  part  of  the  information  contained  in 
the  return.  A  knowledge  of  this  information  is  important  from  the 
standpoint  of  fixed  polarisation  raaars  in  tnat  a  portion  of  the  am¬ 
plitude  noise  appearing  in  the  received  signal  can  be  ascribed  to  polari¬ 
sation  variations.  This  point  is  particularly  apparent  from  some  of  the 
data  presented  by  Olin  and  Queen  elsewhere  in  this  Journal1.  This  know¬ 
ledge  is  perhaps  even  more  important  from  the  standpoint  of  the  more 
sophisticated  polarization  diversity  radar  techniques  now  being  con¬ 
sidered  if  the  full  potential  of  polarisation  information  for  target 
identification,  signal  enhancement,  and  clutter  rejection  are  to  be 
realised. 

Some  of  the  implications  of  polarisation  in  radar  will  be  dis¬ 
cussed  in  briefly  reviewing  the  influence  of  the  polarisation  scatter¬ 
ing  matrix  on  the  radar  equation.  Applications  will  be  cited,  and 
some  measurement  techniques  and  components  which  can  be  used  to  deter¬ 
mine  the  polarisation  scattering  matrix  will  be  described. 

THE  POLARIZATION  SCATTERING  MATRIX  In  1948  Sinclair2  introduced  a 
modification  to  the  radar  echoing  area  term  in  the  radar  range  equation 
to  take  into  account  the  pola-isttion  transformation  properties  of  an 
arbitrary  radar  target.  He  related  the  scattered,  or  returned  field, 

Er,  to  the  incident,  or  transmitted  field,  Et,  by  the  equation 

Er  -  KAE*,  (1) 

wnere  K  is  a  function  of  the  range  to  the  terget  and  A  is  the  polari¬ 
sation  scattering  matrix  of  the  form 
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The  tern  ajk  is  a  function  of  the  target  aspect  and  the  radar  frequency 
and  is  generally  complex.  In  the  radar  case,  where  the  same  antenna  la 
used  for  transmitting  and  receiving,  a^ =  S2i>  It  was  assumed  in  the 
development  that  the  target  was  at  a  sufficient  distance  from  the  radar 
that  the  incident  field  could  be  represented  by  a  plane  wave. 

Kennaugh^  later  extended  the  analysis  to  include  the  concept  of 
null  polarizations  and  its  application  to  target  classification.  In  his 
work,  Kennaugh  showed  that  there  are  two  particular  polarizations  which, 
when  used  to  illuminate  an  arbitrary  target,  will  be  back-scattered  as 
the  orthogonal,  or  null,  polarization.  In  the  fixed  polarization  radar 
case  this  means  that  the  backacattered  energy  would  be  rejected  at  the 
antenna  and  the  signal  level  would  be  zero.  The  relationship  of  these 
null  polarizations  with  respect  to  each  other  provides  a  classification 
basis.  For  instance,  the  two  null  polarizations  may  coincide.  In  this 
case,  the  backacattered  polarization  will  always  be  the  same  regardless 
of  the  Incident  polarization.  Since  a  thin  wire  gives  such  a  return, 
Kennaugh  refers  to  targets  in  this  class  as  linear  targets.  It  should 
be  noted,  however,  that  the  return  from  a  linear  target  need  not  be  a 
linear  polarization.  In  another  class  called  isotropic  targets,  the 
two  null  polarizations  are  orthogonal  to  one  another.  An  example  of 
this  class  is  a  sphere  which  has  circular  null  polarizations.  A  third 
class  is  called  symnetrical  targets.  Here  the  null  polarizations  have 
equal  axial  ratios  but  are  of  opposite  sense.  Any  target  having  a 
plane  of  symmetry  containing  the  radar  line  of  sight  will  fall  into  this 
class.  Finally,  Kennaugh  refers  to  a  general  class  of  targets  which 
have  null  polarizations  which  do  not  fit  any  of  the  above  restrictions. 


In  most  polarization  analyses  the  basic  polarization  concepts  are 
established  by  considering  the  linear  components  of  an  elliptlcally 
polarized  wave;  the  resolution  into  circular  components  is  usually 
mentioned  only  in  passing.  There  is  advantage,  however,  in  thinking  in 
terms  of  circularly  polarized  (CP)  components.  The  reasoning  behind 
this  is  associated  with  the  accepted  terms  defining  the  state  of  polari¬ 
zation,  namely,  axial  ratio,  orientation  angle,  and  sense.  Using  circu¬ 
lar  components,  the  axial  ratio  is  a  function  of  the  amplitudes  of  the 
two  components  according  to  the  relation 


&L  -  Er 

Axial  Ratio  (db)  -  20  log  g  +  g  (3) 

1.  R 

with  the  larger  CP  component  determining  the  sense.  The  orientation 
angle  is  solely  s  function  of  the  phase  relationship  between  the  CP 
components.  The  practical  and  analytical  utility  of  this  approach  lies 
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in  this  parameter  Independence.  Another  feature  which  is  perhaps  of 
equal  importance  to  reflectivity  measurements  has  cotue  out  of  a  x scent 
analysis  by  Brown4*  which  de'*elrps  the  transformations  between  scattering 
matrices  based  on  linear  and  circular  components,  and  which  investigates 
the  effects  of  target  rotation  about  the  radar  line  of  sight.  In  this 
work,  it  is  shown  that  target  rotation  about  the  radar  line  of  sight 
(when  the  target  is  illuminated  with  circular  polarization)  will  cause 
a  phase  shift  in  the  same  sense  C?  component  of  the  backscattered  signal 
which  does  not  appear  in  the  opposite  sense  component  of  the  return. 

The  amount  of  this  phase  shift  is  equal  to,  twice  the  angle  of  rotation 
of  the  target,  with  the  direction  being  determined  by  the  sense  of  the 
illiminatlng  signal  and  the  direction  of  rotation  of  the  target. 

APPLICATIONS  From  theory  it  is  known  that  a  radar  target  generally 
depolarizes  a  wave  incident  upon  it  and  that  this  depolarization  can  be 
predicted  from  a  knowledge  of  the  polarization  scattering  matrix  of  the 
target.  Since  the  elements  of  the  matrix  ere  a  function  of  frequency, 
target  shape,  target  aspect  and  target  motion,  a  knowledge  of  their 
values  snd  variations  has  potential  in  devising  polarization  control 
and  measurement  techniques  for  signal  enhancement  and  target  classifica¬ 
tion.  The  form  of  the  display  of  tnene  elements  for  optimum  utilization 
of  polarization  data  is  currently  under  study  by  various  investigators. 
Copeland5  has  suggested  a  method  for  representing  the  return  polarization 
from  a  target  as  a  combination  of  two  components,  one  of  which  represents 
the  return  from  a  sphere  and  the  other  which  represents  the  return  frou 
a  linear  target.  The  relationship  between  these  two  components,  which 
is  the  key  to  his  classification  technique,  is  obtained  from  a  study  of 
the  complex  voltage  received  ft  am  «  radar  with  a  rotating  linearly 
polarized  antenna 

Huynen®  has  proposed  a  sea  sure  men*-  technique  on  the  basis  of 
changes  in  null  polarizations  of  u  target  as  the  aspect  is  varied.  By 
means  of  a  special  plotting  technique  he  obtains  the  null  polarizations 
on  the  basis  of  the  amplitude  relationships  of  the  return  using  four 
different  illumination  polarizations.  The  special  feature  of  this 
approach  is  that  the  data  is  in  terms  of  the  target  parameters  only  and 
is  not  dependent  cm  the  radar  frame  of  reference. 


Before  these  techniques  can  be  applied  to  the  practical  radar  case 
more  information  is  needed  on  the  spectral  components  of  the  target 
return,  the  relationship  of  the  amplitudes  in  the  components  of  the 
returned  polarization,  and  the  significance  of  phase  of  these  components. 
Dynamic  data  is  needed  on  known  targets  so  that  appropriate  signal  pro¬ 
cessing  and  presentation  techniques  can  be  developed  to  aid  in  target 
classification.  Currently,  Olln  and  Queen*  are  obtaining  polarization 
data  on  dynamic  targets.  Their  system  yieidt,  in  pxrt,  orthogonal 
linear  and  orthogonal  circular  components  of  tlie  received  signal  on  a 
pulse-to-pulse  basis  for  selected  Illuminating  polarizations. 


367 


MEASUREMENT  TECHNIQUES  AND  COMPONENTS  The  continuing  effort*  to 
utilize  the  dimension  of  polarization  to  gather  more  information  about 
radar  targets  justify  Increased  attention  to  polarization  in  radar 
reflectivity  measurements.  Two  useful  components,  the  polarimeter 7 
and  the  polarization  resolver®,  are  available  for  the  instantaneous 
measurement  of  wave  polarization.  Both  are  based  on  the  trimode  turn¬ 
stile  Junction^.lO  shown  in  Fig.  1.  The  following  properties  charac¬ 
terize  this  novel  7-port  junction: 

a.  Complete  isolation  between  the  circular  and  coaxial  ports, 

b.  equal  amplitude  and  in-phase  coupling  of  a  signal  from  the 
coaxial  port  to  the  four  rectangular  porta,  and 

c.  equal  amplitude  and  out-of-phase  coupling  between  opposing 
rectangular  ports  and  a  signal  in  the  co- linear  mode  in  the  circular 
guide . 

Consider  a  wave  of  arbitrary  polarization  incident  on  the  junction 
through  the  circular  waveguide.  One  linear  component  will  couple  to  a 
pair  of  opposing  rectangular  ports:  the  orthogonal  linear  component  will 
couple  to  the  remaining  pair.  If  now  crystal  mixers  connected  in  a 
balanced  arrangement  are  attached  to  the  rectangular  ports  and  a  local 
oscillator  signal  is  injected  into  the  coaxial  port,  the  orthogonal 
linear  RF  components  vlll  be  heterodyned  down  to  some  intermediate 
frequency  (IF).  Since  the  phase  and  amplitude  relationships  of  the  IF 
signals  are  the  same  as  the  orthogonal  components  of  the  incident  RF 
wave,  the  received  polarization  state  is  defined  at  a  lower,  more  con¬ 
venient,  frequency.  The  block  diagram  of  this  polarimeter,  ahovn  in 
Fig.  2,  indicates  these  outputs  being  applied  to  the  orthogonal  deflec¬ 
tion  plates  of  an  oscilloscope  where  the  display  will  be  a  Llssajou 
pattern  directly  depicting  the  wave  polarization.  The  signals  can  also 
be  applied  to  computational  circuitry  for  direct  calculation  of  the 
polarization  matrix  elements.  In  this  application,  Olln^  has  shown 
that  at  least  two  measurements  are  necessary  for  a  complete  determina¬ 
tion  of  the  matrix.  The  measurement  consists  of  illuminating  the  target 
with  a  given  polarization  and  measuring  the  backscattered  polarization 
and  then  repeating  the  measurement  with  orthogonal  illumination.  These 
two  measurements  must  be  separate  and  distinct,  taken  either  at  different 
times  or  at  different  frequencies.  Since  the  scattering  matrix  is  a 
function  of  aspect  and  frequency,  the  separation  must  be  small  enough  to 
insure  no  significant  variation  in  matrix  elements. 

In  the  form  described,  the  matrix  elements  will  be  obtained  in 
terms  of  the  linear  components.  A  simple  modification  of  the  polari¬ 
meter  will  permit  obtaining  the  matrix  elements  in  linear  components 
and  circular  components  simultaneously.  The  modification  consists  of 
inserting  a  quadrature  hybrid  between  a  pair  of  adjacent  rectangular 
porta  of  the  trimode  turnstile  junction  and  the  crystal  mixers  as  indi¬ 
cated  in  Fig.  3.  The  90  degree  phase  shift  inherent  in  the  hybrid 
performs  the  required  transformation  from  linear  to  circular  components. 
Through  the  use  of  this  polarization  resolver  the  display  mentioned 
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Figure  X.  Trlaoda  Turnatil*  Junotion 


TRIMODE  TURNSTILE 
DUAL  BALANCED  MIXER 


Figure  2.  InataottMous  ?oltrijHt«r 


Above  can  be  obtained  and  at  the  aame  time  the  phase  shifts  described 
by  Brovn  can  be  investigated. 

The  measurement  of  phase  is,  of  course,  an  iaportant  part  of  the 
polarization  measurement.  This  phase  measurement  can  be  made  at  RF 
but  to  do  so  generally  requires  rather  complicated  waveguide  circuitry 
which  may  reduce  operational  bandwidth.  For  reflectivity  measurements 
an  effective  method  Involves  generating  a  stable  IF  low  enough  in  fre¬ 
quency  to  permit  the  measurement  of  phase  with  available  phase  meters. 

To  this  end  a  novel  frequency  translator  has  been  developed  for  use  in 
a  cw  measurement  system  to  provide  a  local  oscillator  signal.**  The 
device,  mechanical  in  nature,  utilizes  a  low  mass  dipole  rotating  in  a 
waveguide  in  front  of  a  short  circuit.  The  device  operates  in  the 
following  manner.  Referring  to  Fig.  4,  a  signal  of  frequency  fQ  is 
applied  to  the  input  of  a  circulator.  The  signal  passes  through  a  dual¬ 
mode,  rectangular-to-clrcular  transducer  and  is  converted  to  circular 
polarization  by  means  of  the  quarter  wave  plate.  The  phase  of  this 
circularly  polarized  signal  upon  reflection  from  the  dipole-short  cir¬ 
cuit  combination  will  be  a  function  of  the  position  of  the  dipole. 

Thus  as  the  dipole  rotates  at  a  continuous  rate  the  phase  will  also 
vary  at  a  continuous  rate  which  is  twice  the  rotation  rate  of  the 
dipole.  The  reflected  signal,  now  at  frequency  f0  ±  2fr,  is  separated 
from  the  input  in  the  circulator.  Characteristics  of  the  device  feature 
a  low  insertion  loss,  typically  less  than  0.5  db,  with  suppression  of 
the  carrier  and  unwanted  sideband  in  excess  of  35  db  over  a  12%  band  in 
X-band.  Greater  suppression  is  obtainable  at  a  sacrifice  in  bandwidth. 
With  this  device  a  stable  IF  at  frequencies  up  to  800  cps  can  be  devel¬ 
oped  thus  permitting  audio  frequency  phase  measuring  techniques  to  be 
utilized. 

In  the  applications  described,  control  of  the  illuminating  polari¬ 
zation  is  required  as  well  as  the  measurement  of  the  backscattered 
polarization.  The  Independence  of  control  of  axial  ratio  and  orienta¬ 
tion  angle  implicit  in  the  concept  of  circular  components  can  be  very 
useful  in  this  area.  The  basic  component  for  polarization  control  is 
a  two  port  circularly  polarized  antenna.  Energy  into  one  port  of  this 
device  will  cause  the  radiated  signal  to  have  one  sense  of  circular 
polarization,  while  excitation  of  the  other  port  will  generate  the 
opposite  sense.  The  form  can  be  quite  varied  ranging  from  a  spiral 
with  a  port  at  the  center  and  one  on  the  periphery,  to  a  conical  horn 
coupled  through  a  quarter  wave  plate  to  a  dual  mode  transducer.  This 
type  of  antenna  can  be  incorporated  into  the  circuit  shown  in  Fig.  5. 

The  variable  power  divider  will  determine  the  amplitude  relationship 
between  the  CP  components  thus  establishing  the  axial  ratio  of  the 
radiated  wave.  The  setting  of  the  differential  phase  shifter  will 
determine  its  tilt  angle.  Forts  A  and  B  will  always  represent  orthogonal 
polarizations  for  any  setting  of  the  circuit  variables.  The  generation 
of  a  rotating  polarization  can  be  accomplished  in  two  ways.  First,  the 
differential  phase  shift  can  be  varied  in  a  continuous  manner  causing 
the  polarlzstlon  to  rotate.  If  the  rate  of  rotation  is  to  be  constant 
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Figure  3.  Polerieetion  Reeoleer 


OUTPUT 
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Figure  4.  Frequency  Translator 


INPUT 
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then  another  technique  can  be  utilised. Recognising  the  fact  that  a 
constant  rate  of  change  of  phase  can  be  expressed  as  another  frequency, 
it  is  possible  to  Inject  a  signal  at  frequency  f^  into  port  A  and  a 
signal  at  frequency  f*  into  port  B  and  thus  generate  a  signal  vhose 
polarisation  is  rotating  at  a  rate  equal  to  one -half  the  difference 
between  the  two  input  frequencies.  The  axial  ratio  of  the  rotating 
polarised  wave  will,  of  course,  be  a  function  of  the  relative  ampli¬ 
tudes  of  the  two  CP  components.  When  the  two  components  are  equal, 
a  rotating  linearly  polarised  wave  results. 

A  polarisation  simulator  has  also  been  developed  for  the  study  of 
polarisation  phenomena.  Although  not  a  measurement  device,  the  instru¬ 
ment  la  a  useful  tool  for  the  study  of  the  effects  of  changes  In  target 
illumination  and  characteristics  under  controlled  laboratory  conditions. 
The  simulator  is  basically  an  audio  frequency  analog  computer  which  has 
been  designed  to  solve  Eq.  (1).  A  block  diagram  of  the  system  is  shown 
in  Pig.  6.  The  transmitter  has  two  outputs  representing  orthogonal 
components  of  the  radiated  signal.  The  phase  and  amplitude  relation¬ 
ships  of  these  two  signals  can  be  varied  so  that  the  output  will  repre¬ 
sent  any  desired  polarisation.  These  outputs  are  then  applied  to  a 
network  which  represents  the  target  polarisation  scattering  matrix. 

The  network  parameters  are  adjustable  so  that  the  elements  of  any 
matrix,  written  either  in  linear  or  circular  components,  may  be  dialed 
in.  The  outputs  of  the  target  network  represent  the  polarisation  of 
the  backscattered  wave  and  are  available  in  both  linear  and  circular 
components.  These  "backscattered"  signals  may  be  viewed  directly  on 
an  oscilloscope  as  a  polarlmeter  display,  or  they  may  be  applied  to  a 
receiver  whose  aotenna  polarization  can  be  varied,  or  they  may  be  applied 
to  other  display  or  computational  circuitry  for  additional  analysis. 

SUMMARY  AND  CONCLUSIONS  The  significance  of  polarisation  as  it  applies 
to  radar  reflectivity  measurements  has  been  reviewed  and  some  techniques 
and  components  for  measuring  the  polarization  characteristics  of  targets 
have  been  briefly  described.  With  this  theory  and  measurement  capa¬ 
bility,  the  polarisation  parameters  of  a  target  (scattering  matrix,  null 
polarisation,  etc.)  can  be  completely  determined.  The  lack  of  definitive 
data  in  the  area  of  polarization  measurements  makes  it  difficult  to  state 
which  of  these  parameters  has  the  moot  potential  in  the  utilization  of 
polarization  as  an  aid  to  classification  or  enhancement.  The  continuing 
collection  of  polarization  data,  especially  on  dynamic  targets,  will, 
with  a  careful  study  of  the  relationships  of  the  received  quantities, 
permit  the  determination  of  the  optimum  form  of  data  presentation  and 
processing. 
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ABSTRACT 

The  reflectivity  of  aircraft  materials  when  illuminated  by  light  at 
0.6943  and  1.06  microns  wavelength  is  discussed  in  this  paper.  Quanti¬ 
tative  results  of  the  return  at  different  angles  and  the  absolute  re¬ 
flectance  are  given.  In  addition  some  work  on  optical  cross-section 
measurements  is  discussed. 

INTRODUCTION 

The  invention  of  laser  light  sources,  with  properties  previously  un¬ 
available  at  these  frequencies  has  stimulated  considerable  interest  in 
the  use  of  optical  frequencies  for  radar  functions.  Optical  devices  are 
limited  in  their  possible  uses  by  high  atmospheric  transmission  losses, 
however,  the  well  collimated  beam  combined  with  the  small  physical  size 
possible  for  equipment  could  prove  useful  as  a  supplement  to  present  radar 
systems . 

At  optical  frequencies  (lO^cps)  the  necessary  size  of  a  radiating 
antenna  for  a  given  watts  per  cm^  at  the  target  can  be  considerably  re¬ 
duced.  In  addition  it  is  possible,  within  the  limits  of  tracking  capa¬ 

bilities,  tc  keep  the  beam  size  the  same  as  or  smaller  than  the  target 
size.  This  means  a  large  reduction  in  background  echoes  and  also  a  re¬ 
duction  in  required  power  since  there  is  then  no  penalty  Imposed  by  the 

inverse  square  law  for  the  transmitted  beam. 

REFLECTIVITY  STUDIES 

In  order  to  determine  practical  design  considerations  for  an  optical 
radar  system  it  is  necessary  to  learn  something  of  the  targets.  We  have 
made  studies  to  determine  what  sort  of  return  it  is  possible  to  obtain 
from  naval  aircraft  targets.  As  part  of  this  study  we  have  made  measure¬ 
ments  of  the  reflectivity  of  aircraft  materials,  using  as  radiation 
sources  the  two  most  common  solid  state  laser  materials,  ruby  with  output 
at  O.6943  microns  wavelength  and  neodymium  with  output  at  1.06  microns 
wavelength. 

In  order  to  make  these  measurements,  a  15'  long  optical  bench  was 
built.  The  laser  head  was  mounted  at  one  end  with  a  beam  splitter  and  a 
detector  to  monitor  the  output.  The  monitor  is  necessary  since  the  out¬ 
put  of  the  laser  is  a  function  of  a  number  of  variables,  and  particularly 
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of  the  heating  of  the  laser  rod.  At  the  other  end  of  the  optical  bench 
is  a  quarter-circle  arm  which  carries  the  measuring  detector.  This  arm 
has  a  4  ft.  radius.  The  sample  to  be  illuminated  was  placed  at  the  cen¬ 
ter  of  this  radius.  The  samples  consisted  of  6  x  6  in.  squares  of  air¬ 
craft  skin  material  painted  with  typical  aircraft  paints.  Three  samples 
were  used,  a  light  grey,  a  dark  grey,  and  a  fluorescent  orange. 

The  ruby  used  for  the  measurements  at  O.6943  microns  was  a  2"  x 
rod  with  multilayer  dielectric  reflecting  coatings  on  both  ends.  The  rod 
for  1.06  microns  was  a  2"  x  neodymium  doped  glass  with  one  end  totally 
internal  reflecting  and  a  98^  reflecting  dielectric  coating  on  the  other. 
Both  rods  were  used  in  a  2"  major  axis  elliptical  cavity. 

Measurements  were  first  made  to  show  the  curve  of  the  distribution  of 
the  reflected  light  with  single  fran  normal  incidence  to  80° .  This  was 
made  by  determining  the  ratio  of  the  return  from  the  target  at  the  various 
angles  to  that  from  a  front -surface  mirror  at  0° .  This  gave  the  relative 
reflected  signal  distribution  over  80°  of  the  circumference  of  a  4  ft. 
circle.  The  graphs  in  Figures  1  and  2  show  these  results  for  the  3  samples 
and  2  wavelengths  involved. 

In  order  to  obtain  numbers  for  the  absolute  reflection  it  was  neces¬ 
sary  to  integrate  the  reflectance  curves  of  Figures  2  and  3  over  the 
surface  of  a  hemisphere  of  radius  r  (the  target  to  detector  distance) 
whose  base  plane  lies  in  the  plane  of  the  sample  plate,  the  center  of  the 
plate  coinciding  with  the  center  of  the  base  plane.  The  upper  half  of 
this  hemisphere  is  shown  in  Figure  3. 

The  numerical  integration  is  based  upon  the  assumption  thAt  the  re¬ 
flection  is  essentially  constant  over  the  incremental  angle  do  shown  in 
Figure  3,  so  that  it  is  nearly  constant  over  the  area  included  in  spherical 
zone  A.  The  area  of  the  curved  surface  of  this  zone  may  be  shown  to  be 

A  a  2nr2  £cos  0  -  cos(o  +  Ac)J.  ^  . 

As  the  aperture  of  the  detector  moves  through  the  angle  A a  it  sweeps 
out  a  finite  area.  This  area  is 

a  =  wrAo  (2) 

where  w  is  the  diameter  of  the  detector  aperture  and  Ao  is  in  radians. 

This  area  i6  shown  in  Figure  3. 

The  area  under  the  reflectance  curve  may  be  approximated  by  a  quantity 
I,  which  represents  the  area  under  the  curve  between  0  and  0  +  Ao.  If 
Ao  is  a  small  increment  (2°  was  used  for  the  present  calculations),  I  may 
be  taken  as 


I  =  Ao  (Rg+  R0  +  La)/2 


'7.\ 
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where  Ac  is  in  degrees .  This  yields  an  accurate  value  for  I  because  the 

detector  subtends  an  angle  of  close  to  l6  in  the  a  direction.  Thus  if 

drawn  accurately  the  graphs  of  reflectance  would  no'  be  smooth  curves, 

but  rather  a  series  of  steps  of  1°  width.  I  is  the  sum  of  the  heights 

of  the  steps  in  the  increment  Ao,  and  I  is  finite  because  the  number  of 

steps  is  finite.  Since  the  width  of  each  step  is  1°,  I  is  numerically  , 

approximated  by  the  height  of  the  curve  at  the  mid  point  of  Ac;  this  is  ] 

what  is  implied  by  equation  (3).  ■ 

The  total  reflectance  may  be  found  from  these  quantities  as  follows:  ; 

i 

o  =  9 0°  j 

Rt  -  E  I_£.  (4)  i 

o  =  CP  a  1 

This  is  physically  interpreted  as  , 

_  £  total  reflectance  over  La  ^  area  over  which  the  reflectance  j 

sampling  area  is  nearly  constant. 


The  total  reflectances  were  calculated  to  be  as  follows : 


Paint 


Up  at  6943  A 


I 

Rp  at  1.06u  ! 


Light  grey 
Dark  grey 
Orange 


0.37 

0.11 

1.07 


0.37 

0.11 

0.77 


Obviously  the  orange  paint  did  not  reflect  more  light  at  6943  X  than 
it  received.  The  actual  result  was  probably  close  to  but  less  than  one 
and  the  above  result  represented  a  small  cumulative  error.  The  difference 
in  reflectance  of  the  orange  paint  at  the  two  wavelengths  is  possibly  a 
function  of  the  fluorescence,  perhaps  the  1.06  micron  quanta  are  not  able 
to  trigger  the  fluorescence. 

OPTICAL  CROSS-SECTION  STUDIES 


] 

In  addition  to  the  reflectivity  measurements,  seme  studies  have  been  1 

made  of  the  effective  cross-section  of  naval  aircraft.  The  results  of  ' 

these  measurements  are  classified  and  hence  will  not  be  given;  however 
the  methods  used  may  be  of  same  interest. 

These  measurements  were  made  on  scale  models  of  naval  aircraft.  The 
models  were  painted  with  light  grey  paint  except  for  the  stainless  steel 
sections  and  the  tailpipe.  These  were  painted  with  chrcsne  and  velvet 
black  paints  respectively. 

In  order  to  simulate  the  relative  size  of  the  beam  on  an  actual  air¬ 
craft  the  following  arrangement  was  used.  The  laser  head,  utilizing  a 
2"  x  ruby  rod,  was  mounted  at  right  angles  to  the  desired  beam  path, 
and  a  beam  splitter  placed  in  front  of  it  for  the  monitor  pulse .  A  30  mm 
focal  length  converging  lens  was  placed  in  the  beam  30  mm  in  front  of  the 


300 


focal  point  of  a  12. 5  inch  diameter  spherical  mirror.  An  optically  flat 
2+5  degree  mirror  was  placed  between  the  lens  and  the  large  mirror.  The 
light  reaching  the  target  was  then  a  12. 5  in.  diameter  circle  of  colli¬ 
mated  light.  (See  Figure  4). 

To  obtain  the  measurements  of  the  cross-section  the  following  method 
was  used.  Measurements  were  first  made  of  the  return  from  the  background, 
which  vac  velvet  black  with  a  reflectance  of  2%.  Measurements  were  then 
made  of  the  return  from  a  flat  grey  painted  piece  of  metal  of  known  area. 
After  correcting  the  background  for  the  area  blocked  by  the  metal,  the 
background  return  was  subtracted  frcm  the  readings  for  the  painted  metal 
to  give  its  actual  return.  The  models  were  then  placed  in  the  beam  and 
readings  taken  for  various  orientations.  These  readings  were  also  cor¬ 
rected  for  background  return.  The  ratio  of  the  return  from  the  plate  and 
the  return  from  the  model  gave  the  ratio  of  the  areas.  An  equivalent 
flat  area  for  the  model  was  then  calculated  from  this.  These  results 
were  then  scaled  up  to  full  aircraft  size. 


y 
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Fig.  4.  Equipment  Diagram  ot  Optical  Cross-section  Measurements 
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ABSTRACT 

The  scattering  of  electromagnetic  waves  by  supersonic  plasma 
streams  has  been  studied  in  the  laboratory  in  a  radio  frequency,  low 
density  (0.1  to  10  Torr  static  pressure)  plasma  tunnel.  Measurements 
have  been  concerned  with  the  aspect  dependence  of  microwave  back- 
scattering  from  cylindrical  supersonic  plasma  flow  fields  and  with  the 
back-scattering  of  microwaves  from  turbulent  supersonic  plasma  streams. 

The  amplitude  of  the  signal  back-scattered  from  supersonic  plasmas 
in  argon  has  been  measured  as  function  of  the  angle  of  incidence  at 
frequencies  of  lOGc  (x-band)  and  25&o  (k-band)  and  comparisons  made 
with  back-scattering  from  dielectric  and  metal  rods  of  the  same  geometry 
as  the  plasma  stream.  The  scattering  depends  critically  on  the  ratio 
of  plasma  frequency  to  incident  radio  frequency,  the  aspect  angle,  the 
polarization  (for  small  diameter  columns  compared  to  a  wavelength)  and 
the  nature  of  the  flow  itself.  For  laminar  flowing  plasmas,  similar 
scattering  characteristics  to  dielectric  rods  are  obtained  and  only 
slight  fluctuation  of  the  scattering  amplitude  occurs. 

When  the  plasma  is  turbulent,  it  is  possible  to  have  variations  in 
the  back-scattered  signal  arising  from  the  turbulence  which  are  as  large 
or  larger  than  the  variations  arising  from  the  aspect  angle  dependence 
of  the  return.  A  frequency  analysis  has  been  made  of  the  random  ampli¬ 
tude  modulation  imposed  by  the  turbulence  to  the  back- scattered  micro- 
wave  signal.  The  frequency  content  of  the  back-scattered  signal  appears 
very  similar  at  both  100c  and  25Gc  frequencies  and  is  predominantly  in 
the  audio  range  (O-IOKc)  decreasing  monotonically  with  increasing 
frequency. 

INTRODUCTION 

The  ionized  wake  found  behind  a  space  vehicle  moving  at  hypersonic 
velocities  within  a  planetary  atmosphere  provides  a  significant  target 
from  which  radar  signals  can  be  reflected.  A  detailed  knowledge  of  the 
radar  scattering  cross-section  can  provide  information  on  the  wake  and 
indeed  on  the  vehicle  itself,  thus  providing  a  means  of  detection  (and 
possibly  discrimination)  of  such  vehicles  as  they  enter  the  atmosphere. 

The  dependence  of  the  scattering  cross-section  of  the  walce  on  the 
vehicle  and  space  environment  is  complicated  by  the  large  number  of 
parameters  which  are  involved.  These  include  the  electron  density  in 
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the  wake  (or  oore  accurately  the  plasma  frequency  relative  to  the  radar 
frequency  Up/w),  the  polarization  of  the  incident  signal,  the  geometry  of 
the  scattering  path  (aspect  angle  0),  the  dimension  of  the  wake  (dia¬ 
meter  and  length  in  wavelengths  -  dA  l/x)  and  on  the  nature  of  the 
flow  surrounding  the  vehicle  (characterized  perhaps  by  some  Reynolds 
number).  Furthermore,  the  above  parameters  may  vary  in  3paee  and  time 
and  be  complicated  by  additional  faotors  such  as  the  oollisional 
(attenuation)  effects  of  the  wake  plasma,  the  non-uniform  electron 
distribution  (both  radially  and  longitudinally)  in  the  wake,  thermal 
non-equilibrium  conditions  of  the  plasma  and  ablation  from  the  vehiole 
itself.  It  thus  becomes  exceedingly  difficult  to  uniquely  interpret 
radar  scattering  cross-section  measurements  if  the  scattering  environ¬ 
ment  cannot  be  accurately  specified. 

Consequently,  measurements  made  in  suitable  laboratory  systems  in 
wnich  mary  of  the  parameters  can  be  controlled  can  yield  considerable 
information  of  value  for  the  interpretation  of  free-flight  radar 
scattering  cross-section  measurements .  Because  of  the  large  number 
of  parameters  involved,  exact  scaling  of  all  the  geometric,  aerodynamic 
and  electromagnetic  properties  of  the  full-scale  system  is  not  possible. 
However,  the  laboratory  experiment  can,  in  general,  be  designed  to 
simulate  some  specific  important  aspect  of  the  full  scale  problem. 

A  laboratory  experiment  designed  for  the  study  of  microwave  scattering 
from  supersonic  plasma  flow-fields  has  been  conducted.  The  experimental 
system  consisting  of  a  low  density  plasma  tunnel1  which  provides  rf 
excited  supersonic  plasma  flow  streams  has  been  described  elsewhere  in  the 
Symposium  Record.  This  paper  is  concerned  with  tho  measurements  of 
microwave  back-scattering  from  supersonic  flowing  plasma  streams  obtained 
in  this  plasma  tunnel  and  with  their  interpretation  in  terms  of  crrrent 
theories  of  radar  scattering. 

BACK-SCATTERING  FROM  LAMINAR  PLASMA  STREAMS 

When  a  plasma  moves  under  conditions  where  the  flow  is  laminar,  the 
plasma  can  generally  be  considered  as  a  dielectric  with  a  well-defined 
geometry  which  is  determined  by  the  specific  flow  conditions.  Other¬ 
wise  the  effects  of  the  flow  do  not  manifest  themselves  in  the  electrical 
properties  of  the  plasma.  The  plasma  electrical  properties  can  then 
be  described  in  terms  of  a  dielectric  coefficient  K  where: 

K 


1  u  )  1 +  j(v/«) 


0) 


and  (v/«)  is  the  ratio  of  collision  frequency  to  radar  frequency. 

In  order  to  calculate  the  back-soatter  from  a  laminar  plasma  of  a 
given  geometry  resort  can  usually  then  be  made  to  the  large  body  of  litera¬ 
ture  on  scattering  and  diffraction  by  bodies  of  smooth  geometrical  shape 
choosing  the  contour  which  most  nearly  approximates  the  plasma  in  question. 
The  major  requirement  is  a  model  which  is  simple  enough  to  permit  ready 
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analytical  computation  but  still  sufficiently  accurate  to  desoribe  the 
physical  situation. 


Some  insight  into  the  back-scattering  properties  of  a  plasma  can  be 
gained  by  first  briefly  considering  baok-scatter  from  a  plana  surface. 
The  back-scattering  cross-sections  a  from  a  plane  surface  whose  dimen-' 
sions  are  not  too  small  compared  to  wavelength  and  which  is  located  & 
distance  r  from  the  source  (and  reoeiver)  is  given  by*: 


a 


COS# 


ff  T  .'J2k  ?'S  3A 
A 


a 


(2) 


where : 


&  is  the  angle  between  direction  of  incidence  and  the  normal 
to  the  reflecting  surfaoe, 
n  is  the  unit  normal  to  the  reflecting  surfaoe, 
k  is  the  wave  number  (2ir/\) , 

T  is  a  reflection  coefficient  determining  the  reduction  of  the 
field  (both  phase  and  amplitude)  at  the  reflecting  surface. 


A  note  of  explanation  regarding  the  factor  T  is  in  order.  In  a  perfect 
conductor  T  is  unity.  At  normal  incidence  T  is  the  usual  Fresnel  coeffi¬ 
cient  if  only  a  single  surface  is  involved  in  the  reflection.  If  more 
than  one  surface  is  involved  (say  a  layer  of  plasma)  thenr  is  the  reflec¬ 
tion  coefficient  determined  by  solving  the  boundary  value  problem. 

Typical  values  for  T  for  a  layer  of  uniform  plasma  for  an  electromagnetic 
wave  normally  incident  on  the  plasma*  are  shown  in  Fig.  1. 


Fcra  plane  rectangular  surface  of  dimensions  axb  for  a  wave  incident 
from  the  polar  directions  d,#  when  the  reflection  coefficient  of  the 
surface  (or  layer)  is  constant  over  the  area,  the  back-scattering  cross- 
section  is  given  by: 


o(0,<p) 


(ka)*^kb)a 


cosd  COS#  r 


2  3in(ka  sinfl  coa#T]  * 

ka  sind  cos#  '  x 


J 


P 


in (kb  sind  sin# 
kb  sind  siji# 


(3) 


The  cro3s-3ection  thus  exhibits  a  diffraction  pattern  over  angle  which  is 
the  same  as  for  a  modified  aperture  of  twice  its  dimensions  (due  to  twice 
the  phase  variation  in  back-scatter  compared  to  forward  scatter). 


A  model  more  appropriate  for  the  interpretation  of  scattering  from 
plasma  flow  fields  as  encountered  in  missile  re-entry  Is  that  of  a  uni¬ 
form  ulasna  cylinder.  Exact  solutions  exist  for  both  perfectly  conduct¬ 
ing*  ’  and  dielectric  cylinders8**.  It  is  significant  to  note  that  the 
scattering  cross-section  is  now  dependent  on  the  orientation  (polarization) 
of  the  incident  electromagnetic  field.  The  major  difficulty  is  one  of 
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numerioal  evaluation  since  the  solutions  are  generally  in  terms  of  slowly 
converging  infinite  series.  These  approaches  have  been  widely  used  in 
the  analysis  of  radar  scattering  from  meteor  trails  (see  for  example 
Ref.  10).  Two  limiting  cases  are  of  interest  which  enable  a  simplifica¬ 
tion  of  the  computations  to  be  attained.  These  are  the  underde nse  case: 
(w  /&))*  «  1  where  the  radar  return  can  be  considered  as  a  summation  of 
the  soattering  of  individual  electrons  and  we  obtain: 


where:  n  is  the  electron  density 

In  the  overdense  oase.  (wp/w)*  » 
cylinder  and  we  obtain’®: 


i 


of  the  plasma  cylinder. 

1,  the  plasma  approaches  a  metallic 


For  a  cylinder,  the  scattering  is  independent  of  <j>  and  carrying  out 
the  integration  in  a  similar  manner  to  that  which  was  used  in  obtaining 
Eq.(3)  leads  to: 


o(d) 


=  kal2  cosd 


0 


sin(kL  sinfl) 
kL  sind 


r* 

c 


where:  a  is  the  radiu3  and  L  the  length  of  the  cylinder,  and 

ro  is  a  phenomenological  factor  which  indicates  the  reduction 
of  the  field  strength  upon  reflection  compared  to  a  perfect 
reflector. 


Back-scattering  of  microwaves  from  supersonic  plasma  streams  has  been 
studied  in  the  laboratory  for  both  overdense  and  underdense  plasmas.  The 
aspect  angle  dependence  of  back-scattering  is  found  to  obey  the  dependence 
predicted  by  Eq.(if)  (at  least  for  overdense  streams)  as  shown  in  Fig.  2. 
Fig.  2(a)  shows  a  typical  variation  of  the  back-scattered  signal  from  a 
metallic  rod  and  Fig.  2(b)  the  variation  of  the  back-scattered  signal 
from  a  stream  of  plasma  moving  at  Mach  2  under  laminar  flow  conditions. 
Both  measurements  were  made  under  identical  conditions  (same  L,  etc.) 
at  10Gc  and  for  this  frequency  the  plasma  was  essentially  overdense. 
Back-scattering  measured  from  an  underdense  plasma  is  shown  in  Fig.  3* 

The  dependence  on  aspect  angle  is  somewhat  similar  to  that  for  the  over- 
dense  case  but  the  signal  levels  are  markedly  reduced  (as  would  be  the 
case  for  a  dielectric  cylinder)  and  asymmetries  are  apparent.  (These 
asymmetries  are  discussed  later). 

The  model  of  a  uniform  cylinder  is  often  not  accurate  enough  to 
determine  scattering  from  a  laminar  flowing  plasma  and  a  non-uniformity  in 
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Figure  2.  Sample  Displays  of  the  Aspect  Angle  Variation  of  a  ?!icronave 
Signal  (9.LGc)  Back-scattered  from  Cylinders  15cm  Long. 

(A)  •Jf  inch  Diameter  Metal  fcod  (b)  Laminar  Supersonic  Jet. 


Figure  3*  Saiiplu  Displays  of  the  \o~.ect  ,'jv-le  jo.endenco  of  a  2LCc 
’iisrowave  Signal  Back-scattcred  from  an  Underdense  Masna 

Jet. 
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the  spatial  variation  of  the  plasma  is  introduced.  A  number  of  solu¬ 
tions*  for  scattering  from  a  plasma  cylinder  with  a  radial  varia¬ 

tion  of  electron  density  (or  dielectric  constant)  are  available  although 
the  computational  difficulties  are  usually  severe.  Consequently, 
numerical  results  ore  available  mainly  for  normal  incidence  and  for  the 
electric  field  polarized  along  the  direction  of  the  cylinder  axis.  (No 
cross-polarisation  fields  which  should  be  present  at  oblique  inoidenoe* 
have  thus  been  evaluated).  For  ovordense  cylinders,  the  following  con¬ 
siderations  are  appropriate.  If  the  electron  density  near  the  surfaoe 
is  sufficiently  high  then  the  scattering  of  electromagnetic  waves  is 
predominantly  a  surfaoe  effect  and  the  non-uniform  variation  has  no 
lnfluenoe  on  the  baok-soattered  signal  so  the  highly  overdense  case  can 
still  be  considered  as  a  metallic  oylinder.  If  the  plasma  beoomss 
overdense  only  over  an  interior  portion  of  its  volume  whioh  is  surrounded 
by  an  underdense  region  of  plasma,  then  the  model  of  a  metallic  cylinder 
(interior  region)  enoompassed  by  a  dieleotrio  (i.e.  two  concentric  cylin¬ 
ders,  the  interior  metallio,  the  exterior  of  dieleotrio)  oan  be  used  to 
describe  the  scattering.  When  this  is  the  ease  the  scattering  from 
both  regions  must  be  taken  into  account.  Beo&use  of  the  complexity  of 
the  problem  in  this  oase,  it  is  difficult  to  find  a  unique  combination 
of  parameters  whioh  will  prediot  the  soattering  oross-aeotion  measured 
for  a  giver,  plasma  system  at  a  single  frequency. 

If  the  non-uniform  plasma  is  underdense,  then  soattering  of  electro¬ 
magnetic  waves  oan  be  oonsidered  due  to  individual  electrons.  For  a 
small  cylinder  (aA  «  1).  the  phase  variation  of  the  waves  scattered 
from  different  electrons  is  lnsignifioant  and  the  important  parameter 
then  becomes  the  total  number  of  electrons  per  unit  length  of  the 
cylinder.  For  large  aA  ratios  this  phase  variation  must  be  taken 
into  aocount  when  sumrlng  the  soattering  by  individual  electrons.  If 
ws  write  the  dieleotrio  constant  of  a  plasma  with  a  radial  distribution 
of  electron  density  as: 


K  ■  1 


(5) 


where : 


f( r/a) 
v 

po 


is  the  variation  of  the  electron  density  with  radiuo  r 
over  a  oylinder  of  radius  a  so  that  f(o)  s  1 
is  the  plasma  frequency  at  the  centre  of  the  cylinder 
(r/a  •  0). 


Then  for  aA  «  1 


a 


a  a  1 1  v*  {  f(r/a) 
Po  J 


rdr 


(6a) 


Taking  the  phase  variation  into  aeoount  gives: 
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0 
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a  2w  u  *  f  f(r/a)  Jo  (2kr)  r  dr 
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(6b) 


These  expressions  must  be  evaluated  for  each  .-dial  distribution  of 
the  electron  density.  It  is  important  to  note  that  Eq.(6)  can  give  a 
fairly  good  first  approximation  for  the  scattering  cross-section  for 
small  values  of  <j  /u  and  is  far  simpler  to  calculate  than  the  exact 
expression.  (Por°a  homogeneous  cylinder  Eq.(6b)  is  found  to  hold 
approximately  even  for  approaching  one.) 

It  is  also  apparent  that  even  for  this  simple  case  a  measurement 
of  a  cannot  give  unambiguous  information  about  the  electron  density 
and  its  distribution.  A  wide  range  of  distributions  having  different 
maximum  electron  densities  and  different  effective  radii  can  give  the 
same  value  of  radar  cross-section.  This  indicates  the  need  of  utiliz¬ 
ing  at  least  two  radar  frequencies  simultaneously  to  study  plasmas  in 
which  spatial  variations  of  the  electron  density  exist. 

The  effects  of  variations  of  the  electron  density  along  the  length 
of  the  cylinder  of  plasma  (longitudinal  variation)  are  more  difficult 
to  predict  and  to  calculate  since  the  problem  becomes  three-dimensional. 
The  plasma  nov;  effectively  becomes  a  tapered  cylinder.  The  effect  of 
such  a  plasma  is  easier  to  measure  than  to  calculate  and  in  fact  Fig. 3 
shows  the  back-scattering  characteristics  of  a  plasna  whose  electron 
density  (as  determined  by  probe  measurements*5)  decreases  with  length. 
This  effect  results  in  the  pronounced  asymmetry  in  the  maxima  and 
minima  variation  with  aspect  angle  increasing  the  maxima  when  the  aspect 
angle  is  such  that  the  denser  region  is  nearer  the  receiver  and  de¬ 
creasing  the  maxima  when  the  reverse  is  true.  Comparison  of  these 
measurements  with  back-scatter  from  tapered  dielectric  rods  shows  good 
agreement. 


Thus  far,  the  back- scattering  from  a  plasma  under  laminar  flow 
conditions  has  been  described  solely  on  the  basis  of  a  dielectric 
cylinder.  The  only  plasna  property  involved  has  been  its  effective 
dielectric  coefficient.  This  model,  however,  is  not  sufficiently 
accurate  to  explain  certain  phenomena  which  arise  because  of  the  more 
complex  behaviour  of  plasma.  One  striking  example  of  the  limitation 
of  the  "effective"  dielectric  coefficient  representation  of  the  plasma 
occurs  for  a  cylindrical  plasma  when  a/\  <<  1  and  the  incident  field  is 
polarized  normal  to  the  axis  of  the  cylinder. 

Under  these  conditions  it  has  been  found  that  the  plasma  column 
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exhibits  "resonances"  (often  called  the  Tonks-Dattner  resonances)  in 
its  absorption  and  scattering  properties  as  the  electron  density  of 
the  plasma  is  varied.  Calculations1 4  using  the  effective  dielectric 
coefficient  model  of  the  plasma  show  that  a  resonance  behaviour  will 
only  result  when  the  electric  vector  is  transverse  to  the  column  axis  and 
when  a/A  is  small.  However,  this  theory  predictsonly  a  single 
resonance  whereas  the  experiments  exhibit  a  resonance  pattern  comprised 
of  a  main  resonance  ar.d  a  series  of  secondary  peaks  which  occur  at 
electron  densities  lower  (and  in  some  cases  higher)  than  the  train  peak. 
Attempts  to  describe  the  secondary  resonances  on  th9  basis  of  the 
physical  properties  of  the  plasma  have  only  recently  begun  to  prove 
successful.  It  aprears  from  this  work  that  in  the  "resonance"  range 
of  electron  densities  the  coupling  of  the  transverse  electromagnetic 
waves  with  the  longitudinal  waves  in  the  plasma  must  be  included  in 
the  theory.  This  has  been  done  recently  for  cylindrical  plasmas15 ,16and 
agreement  with  experiment  has  been  obtained.  Using  this  theory  it  is 
demonstrated  that  the  observed  spectrum  of  secondary  resonances  depends 
very  strongly  on  tm.e  (radial)  distribution  of  electron  density  in  the 
plasma. 

It  was  suggested  by  Herlofson14  that  this  resonance  effect  (which  is 
actually  on  enhancement  of  the  radar  return)  should  be  apparent  in  radar 
returns  from  meteor  trails  under  the  proper  conditions.  This  fact 
appears  to  be  verified  by  recent  work  such  03  that  reported  by  Billam 
and  Brov/ni7  who  have  detected  resonances  in  the  back-scattered  signal  for 
an  incident  wave  having  the  electric  field  transverse  to  the  axis  of  the 
meteor  trail.  Since  the  structure  of  the  resonance  spectrum  obtained 
in  this  way  provides  (in  principle  at  least)  information  about  the 
electron  density  and  its  spatial  distribution  in  the  trail,  it  is  of  con¬ 
siderable  interest  to  examine  the  dependence  of  the  resonance  characteris¬ 
tics  on  re-entry  parameters. 

Studies  of  this  resonance  phenomena  have  been  performed  using  both 
steady  mercury  discharge  tubes  and  supersonic  plasma  jets.  Sample 
results  are  shown  in  Figs.  4  and  5  for  a  microwave  frequency  of  9.46c. 

Fig.  4  shows  typical  resonances  obtained  in  the  radar  return  from  a 
cylindrical  mercury  discharge  tube  as  the  current  (electron  density) 
is  varied.  Fig.  5(a)  shows  sample  signals  back-scattered  from  a  super¬ 
sonic  plasma  jet13.  (The  fluctuations  in  the  signal  carried  by  turbu¬ 

lence  in  the  flow  are  apparent  and  this  effect  will  bo,  discussed  later.) 
These  results  show  the  resonances  for  the  transverse  polarization.  No 
such  resonances  are  observed  fur  the  longitudinal  polarization  in  agree¬ 
ment  with  the  theory.  It  is  of  interest  to  compare  these  results  with 
those  fox’  a  typical  meteor  trail  obtained  by  Billam  and  Browne  as  shown 
in  Fig.  5(b).  Comparison  of  Figs.  5(a)  and  (b)  shows  the  marked 
similarity  of  the  laboratory  results  to  the  meteor  measurements. 
Measurements  in  a  two-phase  supersonic  mercury  plasma  tunnel13  have 
also  shown  evidence  of'  the  resonance  effect.  Fig.  6  shows  sample 
results  of  this  work  for  flow  velocities  of  the  order  of  Mach  J.  By 
comparing  such  results  with  the  resonances  measured  in  simple  mercury 
discharge  tubes  (e.g.  Fig.  4)  it  is  possible  to  derive  apparent  A/d  ratios 
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Figure  U»  Sample  Resonances  Observed  at  X-band  (A  «  9cm)  in  the 
Stole- scattering  from  toroury  Tubes  of  Diameter  d. 


Figure  5.  Reeonnnoe  Dffeots  in  Dnole-eoatterino'  from  Plasma  Tlov.- 
Fields.  (A)  Scattering  from  a  Supersonic  Plasma  Jet 
the  Laboratory1*  (b)  Scattering  from  a  Meteor  frail 
the  Atmosphere17. 
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for  the  jet  and  these  have  been  found  to  be  of  the  order  of  magnitude 
of  the  visible  stream  diameter.  Simultaneous  measurement  of  the 
forward  and  back-scattered  component  (as  shown  in  Fig,  6)  in  such  a 
laboratory  study  provides  further  insight  into  the  interaction  involved. 
Because  of  the  difficulties  encountered  in  measuring  and  controlling 
the  plasma  stream  the  resonance  measurements  thus  far  have  provided 
only  semiquantitative  data.  The  results  do  appear  to  indicate,  how¬ 
ever,  that  more  detailed  studies  are  warranted, 

BACK-SCATTERING  FROM  NEARLY  LAMINAR  FLASMfl.  STREAMS 

When  conditions  are  such  that  the  flow  departs  only  slightly  from 
being  laminar,  small  scale  fluctuations  begin  to  occur  in  the  plasma 
stream.  The  plasma  stream  can  no  longer  be  treated  as  a  uniform 
oylinder  but  a  model  whereby  the  plasma  is  considered  to  consist  of  a 
uniform  cylinder  with  rough  surfaces  becomes  more  appropriate.  The 
idea  of  surface  roughness  can  be  used  to  take  into  aocount  the  small 
aoale  fluctuations  by  means  of  a  phenomenological  scattering  coeffi¬ 
cient  (%  which  is  the  ratio  of  the  reflection  coefficient  of  the  rough 
cylinder  to  the  reflection  coefficient  of  the  smooth  cylinder.  The 
resulting  scattering  cross-section  is  the  scattering  cross-section  of 
the  smooth  cylinder  multiplied  by  the  scattering  coefficient. 

The  major  problem  is  then  the  analytical  form  for  the  scattering 
coefficient.  For  the  situation  where  scattering  elements  are  equally 
probable  at  aiy  level  from  the  lowest  to  the  highest  of  the  rough 
surface  and  neglecting  nultiple  scattering  and  diffraction  effects, 
Beckmann’0  gives  for  scattering  in  the  principal  (specular)  direction: 

P8  =  £p  +  0  (7a) 


where:  a  =  kh  oiny, 

h  r.  maximum  vertical  height  of  the  scattering  irregularities, 
y  =  grazing  angle  =  90°  minus  the  angle  of  incidence, 
p  a  probability  of  occurrence  of  scattering  element  which 
scatter  in  the  principal  direotion. 

For  back-scatter  at  normal  incidence  (y  =  v/2)  we  have: 

ft'O-d-pJ-Tsy]*  <*> 

In  addition,  Beokraann  gives  a  probability  distribution  for  the  scatter¬ 
ing  coefficient  determining  the  bounds  within  which  a  given  percentage 
of  a  large  number  of  measured  points  should  lie. 

For  back- scattering  in  directions  other  than  normal  incidence,  the 
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scattering  coefficient  has  a  Rayleigh  distribution. 

Experimental  measurements  of  back-scattering  from  nearly  laminar 
flowing  columns  of  plasma  are  shown  in  Pig.  7.  The  notable  feature 
of  the  back-scattered  signal  is  its  reduced  amplitude  relative  to  the 
purely  laminar  flow  under  similar  conditions  although  the  envelope  of 
the  variation  with  aspect  angle  remains  much  the  same  as  before.  A 
fluctuating  signal  (depending  on  the  deviation  from  a  uniform  flow) 
is  superimposed  on  the  return  from  a  laminar  column.  Comparing 
Bq.(7b)  with  the  experimental  measurements  leads  to  values  of  the 
scattering  coefficient  (ffc)  of  approximately  0.7,  the  height  of 
irregularities  (h)  of  the  order  of  A/4  and  a  probability  of  occurrence 
of  scattering  elements  for  back-scatter  at  normal  incidence  (p)  of 
about  1/6.  All  appear  to  be  reasonable  values.  As  yet,  the 
scattering  coefficient  for  other  than  normal  incidence  has  not  been 
analysed  to  determine  if  it  follows  a  Rayleigh  distribution. 

MICROWAVE  BACK -SCATTERING  FROM  TURBULENT  PLASMA  STREAMS 

TThen  turbulence  occurs  in  the  plasma  flow,  the  plasma  character¬ 
istics  will  be  random  functions  of  time  and  position.  The  exact 
nature  of  the  turbulence  is  exceedingly  difficult  to  ascertain  since 
theories  of  turbulence  even  in  the  conventional  fluid  dynamics  sense 
are  at  best  restricted  to  ideal  incompressible  fluids.  When  these 
are  complicated  with  compressibility,  electrical  conductivity  and 
particle  production  and  loss  processes  it  is  quite  hopeless  to  expect 
quantitative  results  from  existing  analyses.  In  a  plasma,  if  the 
charged  particles  are  closely  coupled  to  the  neutral  particles,  and 
the  motion  of  the  neutrals  is  predominantly  determined  by  the  fluid 
flow  (the  plasma  velocity  is  the  velocity  of  the  neutral  particles) 
then  the  turbulence  would  be  of  an  aerodynamic  type.  This  should  be 
the  case  for  a  slightly  ionized  plasma  moving  at  high  velocities. 

The  onset  and  degree  of  turbulence  would  then  be  functionally  depend¬ 
ent  on  a  parapjeter  of  the  neutral  gas  flow  such  as  the  usual  Reynolds 
number  R  where 


R  =  VL/(3 

where:  p  is  the  ratio  of  viscosity  to  gas  density 

V,L  are  a  characteristic  velocity  and  length  respectively. 

The  exact  dependence  of  the  turbulence  on  the  Reynolds  number  is, 
however,  not  clear.  On  the  otherhand,  for  a  highly-ionized  flowing 
plasma,  space  charges  and  currents  may  predominate  in  determining  the 
plasma  characteristics  and  the  plasma  turbulence  is  more  in  the  nature 
of  instabilities.  The  form  of  the  instability  would  then  depend  on 
the  type  of  space  charge  forces  which  manifest  themselves  in  the  plasma. 
This  is  the  type  of  turbulence  of  great  interest  in  studies  of 
controlled  thermonuclear  fusion  and  will  not  be  treated  further  hero. 

Very  little  work  has  been  done  on  the  intermediate  case  of  high 
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Figure  6 


Figure  7 


Sample  Resonance  Effects  Observed  in  X-bond  (9«LGc) 
Scattering  From  a  Mach  3  Mercury  Plasma  Jet. 
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Sample  Displays  of  the  Aspect  Angle  Dependence  of  9.2+Gc 
Microwaves  Back-scattered  from  a  Turbulent  Plasma  Jet. 
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density  of  charged  particles  and  large  neutral  velocity. 

The  temporal  and  spatial  variations  of  the  plasma  characteristics 
due  to  turbulence  should  be  reflected  in  the  characteristics  of  the 
electromagnetic  signal  back-scattered  from  such  a  plasma.  One  would 
normally  expect  that  the  scattering  at  directions  off  normal  incidence 
would  be  enhanoed  while  the  normal  incidence  back-scattering  would  bo 
reduced.  The  scattering  of  electromagnetic  waves  by  turbulent 
fluctuations  has  been  studied  extensively  in  connection  with  tropo¬ 
spheric  scatter  propagation.  Adapting  the  results  of  such  studies 
to  back-scattering  from  underdense  turbulent  plasmas  the  scattering 
cross-section  is  given  by: 

"  (8) 

V 

where:  AK  is  the  fluctuation  in  the  dielectric  constant  K, 

C(AfJ)  ,  (AK(p})(AK(p.t.Ap^  is  the  correlation  function  between 
y  position  p  and  p  ♦  Ap  within  the 

scattering  volume. 

The  scattering  cross-section  can  also  be  defined  in  terms  of  a  spectrum 
function  S(k)  where: 


so  that: 


S(k)  =  J  e“j2(k‘Ap)  C(Ap)  <^->  dV 
V 

C  =  (SE**)  SW  * 


(9) 


Depending  upon  the  correlation  function  or  spectrum  function 
various  values  of  the  scattering  cross-section  are  obtained.  A 
general  dependence  of  the  scattering  cross-section1 9  is  of  the  form: 


a  a 


•J. 

r 

u 


where,  r  is  a  number  which  depends  upon  the  respective  theory  (and 
hence  nature  of  the  correlation  function)(r  varies  from  4  to  11).  Thus 
for  back-scatter  one  should  have  a  direct  frequency  dependence. 


For  an  overdense  trail  it  is.  difficult  to  formulate  a  suitable 
analytical  model  for  comparison  with  experiment,  other  than  the  surface 
roughness  considerations  presented  earlier. 
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The  back-scattering  of  electromagnetic  waves  from  a  turbulent 
plasma  has  been  measured  in  the  laboratory  facility.  A  typical 
behaviour  of  the  back-scattered  signal  with  time  is  shown  in  Fig.  8, 
while  a  typical  display  of  the  frequency  content  of  the  turbulent 
signal  is  shown  in  Fig.  9*  Since  the  degree  of  ionisation  in  the 
laboratory  plasma  is  low  the  turbulence  is  expected  to  be  dominated 
by  the  flow  of  neutrals.  The  fluctuations  of  the  charged  particles 
in  position  and  time  is  determined  by  the  neutrals  and  hence  the 
microwave  baok-scattering  should  give  an  indication  of  the  turbu¬ 
lence  of  the  neutral  flow.  These  conclusions  are  substantiated  by 
comparisons  of  these  results  with  hot  wire  anemometer  measurements*0 
in  a  neutral  gas  which  show  a  similar  frequency  spectrum  of  turbulence. 
Further  measurements  which  are  in  progress  are  necessary  in  order  to 
be  able  to  make  analytical  comparison  with  Eqs.  8  and  9.  Wiese 
include  direct  measurement  of  the  correlation  function  by  means  of 
electrical  probes  and  focused  microwave  beams  and  studies  of  the 
frequency  dependence  of  the  back-scatter  cross-section. 

CONCLUSION 

The  present  investigation  has  provided  microwave  back-scattering 
measurements  from  supersonic  plasma  flow-fields  of  relatively  well- 
defined  properties  and  has  provided  new  information  on  several  aspects 
of  the  scattering  process.  This  type  of  information  is  essential 
in  the  interpretation  of  radar  returns  from  full  scale  re-entry  bodies. 
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Figure’ 8 


Figure  9 
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.  Broadside  Return  of  X-band  (9.4G<0  Micros,  Soattered 
from  a  Plasma  Jet  Shovdng  the  Difference  Between  a 
Laminar  and  Turbulent  Flow  (Time  ?-..le  is  1  nilliseo/div.) 


*  Frequency  Content  of  the  Fluctuating  Microwave  Signals 
Back- soattered  from  a  Turbulent  Plasma  Jet. 
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THE  SPIN-DROP  METHOD  OF  MEASURING 
MODEL  RADAR  CROSS  SECTION 

Peter  C.  Fritsch 
Lincoln  Laboratory,* 
Massachusetts  Institute  of  Technology 


The  common  and  time-honored  method  of  measuring  radar  cross  section 
on  static  ranges  involves  the  positioning  of  the  test  object  ("model")  by 
means  of  some  mechanical,  support.  Typical  examples  in  the  past  have 
included  styrofoam  or  other  plastic  columns  or  cantilevers,  nylon  or 
dacroD  dielectric  strings  and  even  metallic  structures  "shielded"  by 
microwave  absorber.  By  these  means  the  model,  is  ultimately  connected 
mechanically  to  the  ground,  often  through  a  rotating  or  other  position¬ 
ing  mechanism,  or  to  the  ceiling  of  the  roam,  or  to  support  towers  of 
some  sort  or  other. 

It  has  long  been  realized  that  these  supports  are  apt  to  have  an 
undesirable  effect  on  the  test  results,  for  they  tend  to  modify  both 
the  incident  field  and  the  reflected  field.  In  the  case  of  rigid  supports, 
their  backscatter  cross  section  can  be  measured  directly;  if  the  latter 
approaches  the  cross  section  of  the  test  object,  one  will  naturally  view 
the  results  of  any  measurements  with  scepticism.  In  the  case  of  supports 
which  are  held  in  place  by  the  model  to  which  they  are  attached,  ever  this 
crude  evaluation  appears  to  be  precluded.  In  any  case,  measuring  the 
perturbation  of  the  reflected  field  (which  is  likely  to  include  multiple- 
bounce  effects)  seems  to  us  impossible. 

The  principle  of  the  solution  is  clear:  since  supports  are  bothersome, 
they  must  be  done  away  with  altogether.  The  immediate  implication  iB  that 
the  model  must  consequently  be  in  free  fall  during  the  measurement.  There 
are  many  ways  in  which  this  principle  could  be  implemented,  including  some 
in  which  forces  are  imparted  to  the  model  before  radar  measurements  are 
started,  in  such  a  way  as  to  minimize  or  cancel  displacement  of  the  model. 
Examples  which  have  received  consideration  include  tossing  the  model  up¬ 
ward,  in  order  to  make  the  measurement  when  zero  velocity  is  reached  at 
the  apogee  of  the  trajectory,  and  balancing  the  force  of  gravity  by  a 
magnetic  field,  or  some  other  force  field.  We  have  chosen  to  let  the 
model  fall  as  dictated  by  gravity  imparting  to  it  simultaneously  a  mechani¬ 
cal  torque  so  as  to  make  the  model  spin  about  the  trajectory  (Fig.  l). 

The  principal  purpose  of  the  spin  is  to  let  the  radar  "see"  a  rapid  suc¬ 
cession  of  aspect  angles;  however,  it  is  believed  uhat  the  spin  also  tends 
to  stabilize  the  object  through  a  gyroscopic  effect.  For  reasons  now 
apparent,  we  have  dubbed  this  particular  free-fall  technique  of  radar  re¬ 
flectivity  measurement  the  "Spin-Drop"  method. 

The  spin-drop  principle  has  been  implemented  in  our  laboratorv  by 
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attaching  a  drill  press  to  the  ceiling  of  the  room.  A  face  plate 
attached  to  the  spindle  carries  a  cradle  particulai ly  made  for  a  spe¬ 
cific  model  (rig.  2).  A  rubber  band  slung  beneath  the  model  holds  it 
firmly  in  place  pressed  against  the  cradle.  After  the  spindle  of  the 
drill  press  has  reached  full  speed  (2000  r.p.m.,  in  our  case),  the 
rubber  band  is  released  and  the  model  falls,  spinning  about  its  center 
of  gravity,  into  a  box  filled  with  shock-absorbing  material. 

To  date,  we  have  dropped  several  models  up  to  8  Indies  in  length 
and  several  pounds  in  weight.  Multiple  flash  exposures  taken  against 
background  of  vertical  strings  (Fig.  3)  show  that  the  axis  of  the  model 
stays  within  1°  of  horizontal  throughout  the  drop.  Frames  from  a  high¬ 
speed  motion  picture  (Fig.  U)  further  prove  that  the  model  separates 
from  the  cradle  in  a  clean  fashion. 

In  order  to  insure  that  the  model  drop  straight  down,  instead  of 
following  an  unpredictable  path  to  the  possible  detriment  of  men  and 
machine,  it  has  been  found  necessary  to  balance  the  rotating  mass  (face 
plate,  cradle,  and  model  all  together)  accurately.  This  is  accomplished 
with  the  aid  of  a  balancing  machine  (Fig.  5)  capable  of  indicating  im¬ 
balance  to  0.01  inch-ounce.  Balancing  is  then  accomplished  by 
motion  of  the  cradle  containing  the  model  relative  to  the  face  plate,  and 
by  adjusting  movable  weights  within  the  face  plate  assembly. 

The  distance  through  which  the  model  falls  is  about  ten  feet;  the 
antenna  beam  of  a  Kg-band  c.w.  radar  is  pointed  so  as  to  intersect  this 
vertical  trajectory  half-way  down.  The  beam- width  in  the  plane  of  the 
trajectory  is  about  one  foot;  this  then  determines  the  rotational  speed 
required  in  order  that  the  model  make  at  least  one  revolution  within  the 
beam.  A  rotational  speed  of  2000  rpn  corresponds  to  a  period  of  approxi¬ 
mately  30  milliseconds  per  revolution;  an  8  inch  long  object  at  a  wave¬ 
length  of  l/3  inch  is  about  25  wavelengths  long,  hence  its  sidelobes  will 
be  of  the  order  of  one  degree  wide.  Assuming  that  one  cycle  of  bandwidth 
suffices  to  reproduce  one  such  lobe,  the  recording  bandwidth  required  is 
approximately  3^0  cycles  per  30  milliseconds,  or  10  kc.  Two  or  more  cycles 
of  bandwidth  per  sidelobe  will  yield  correspondingly  finer  data,  hence 
2<j>  or  30  kc  of  bandwidth  are  to  be  preferred. 

Such  recording  bandwidths  are  near  the  upper  frequency  limit  of  oscillo¬ 
graphs  (e.g.,  Minneapolis -Honeywell  Visicorder),  and  while  these  were  used 
at  first  (Fig.  6),  we  have  more  recently  used  direct  oscilloscope  photo¬ 
graphy  (Fig.  7)  and  analog  tape  recording.  In  the  first  instance,  a  photo¬ 
electric  circuit  was  set  up  so  that  its  light  beam  was  interrupted  by  the 
falling  model  a  known  distance  above  the  antenna  beam.  This  triggered  a 
delayed  sweep  (Tektronix  oscilloscope  Model  5^5)  which  was  photographed  by 
a  Polaroid  camera.  The  photographs  shown  in  Fig.  7  were  so  obtained;  they 
represent  (a)  the  low  cross  section  region  of  a  sphere-cone,  and  (b)  a 
series  of  traces  produced  by  dropping  a  sphere  through  the  antenna  beam; 
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Figure  3.  Multiple-flash  l'hoto  of  Model  During  bpiii-drop 
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Figure  4.  Four  Fraiaes  fro*  High-speed  Movie  Showing  Launch  Phase  of  Spin-drop. 


the  sphere  in  question  had  a  backscatter  cross  section  of  one  square 
wavelength,  the  successive  traces  being  produced  by  inserting  10,  20, 
and  30  db  of  attenuation  ahead  of  the  receiver.  The  amplitude  calibra¬ 
tion  can  thus  be  seen  to  be  about  10  db  per  square  (one  centimeter  in 
the  original  size  photo);  the  sweep  speed  was  5  milliseconds  per  square 
(centimeter).  We  have  recently  constructed  a  device  which  will  store 
several  spheres  and  drop  them,  one  by  one,  on  command,  as  a  convenience 
for  rapid  amplitude  calibration.  Angular  calibration  is  less  easy,  and 
in  fact,  we  have  not  faced  up  to  it  since  it  seems  relatively  unimportant. 

For  the  time  being,  we  have  contented  ourselves  with  assuming  that  uniform 
angular  speed  permits  uniform  division  of  one  cycle  of  rotation  into  360 
degrees . 

Another  recording  method,  and  one  which  appears  to  be  the  most  flexi¬ 
ble,  has  been  by  use  of  a  Consolidated  Electrodynamics  Corporation  Model 
PR  3300  FM  magnetic  tape  recorder.  The  wide  range  of  available  tape 
speeds  can  be  used  to  record  at  high  speed,  to  play  back  later  at  reduced 
speed  into  a  relatively  narrow-band  graphic  recorder.  We  have  used  tape 
speeds  of  60  and  1-7/8  inches  per  second  to  obtain  reasonably  satisfactory 
traces  on  a  Sanborn  strip  chart  recorder,  which  has  an  upper  cutoff  frequen¬ 
cy  about  100  cps.  By  repeating  the  recording/ playback  process,  multiplying 
the  tape  speed  step-down  ratios  each  time,  one  could  perhaps  eventually 
obtain  data  in  a  form  suitable  for  a  very  narrow  band  recorder. 

All  our  experiments  with  spin-drop  to  date  have  been  carried  out  using 
a  Ka  band  C.W.  radar.  While  no  nearby  supports  now  interfere  with  the 
scattering  from  the  model,  other  more  distant  objects,  such  as  the  walls 
of  the  anechoic  chamber,  continue  to  obtrude  as  before.  To  further  isolate 
the  model  from  such  effects,  it  is  necessary  to  employ  a  measuring  instru¬ 
ment  capable  of  discriminating  against  the  background,  such  as  a  pulsed 
radar.  We  consequently  plan  to  attempt  spin-drop  measurements  soon  with 
the  use  of  a  1^  band  pulsed  coherent  radar.  And  finally,  as  models  grow  ^ 
in  size  and  weight,  future  mechanical  improvements  will  become  necessary, 
especially  in  redesigning  the  model  release  mechanism. 

Thanks  are  due  to  Messrs.  W.  C.  Erwin,  F.  B.  Magum,  D.  F.  Sedivec,  and 
D.  G.  Stuart  who  have  all  contributed  materially  to  the  development  described. 


A  METHOD  OF  MEASURING  SMALL  RADA R  CROSS  SECTIONS  BY 
DIGITAL  VECTOR-FIELD  SUBTRACTION 

F.  E.  Heart  and  P.  C.  Fritsch 
Lincoln  laboratory,* 

Massachusetts  Institute  of  Technology 

The  measurement  of  very  small  radar  cross  sections  is  limited  by 
receiver  noise,  amplitude  and  phase  stability  of  the  radar,  background 
level,  and  by  unwanted  cross  section  contributions  from  target  support 
structures.  Most  notable,  and  hardest  to  dead,  with,  of  these  contri¬ 
butions  Is  the  effect  of  the  target  support  structure. 

Often,  the  cross  section  of  these  supports  is  sufficiently  high  to 
completely  mask  the  low  cross  section  region  of  the  target.  Because  of 
this  effect,  it  becomes  increasingly  difficult  to  properly  evaluate 
target  shapes  and  nearly  impossible  to  further  reduce  the  cross  section 
of  these  shapes  experimentally.  An  additional  unwanted  contribution  is 
the  effect  of  support  coupling.  The  target  under  test  may  couple  to  the 
column  if  a  significant  portion  of  the  target  surface  comes  in  contact 
with  the  column,  and  the  coupling  will  tend  to  increase  as  the  dielectric 
constant  of  the  column  me.terial  becomes  higher. 

If  the  coupling  between  the  support  and  the  target  has  negligible 
effect  on  the  cross  section  of  the  target,  then  it  should  be  feasible  to 
measure  the  amplitude  and  phase  of  the  return  of  the  column,  and  separate¬ 
ly  that  of  column  plus  target,  subtract  the  fields,  and  thereby  obtain 
what  would  be  the  return  of  the  target  in  the  absence  of  a  supporting 
structure.  With  this  technique,  the  necessity  of  reducing  the  cross  sec¬ 
tion  of  the  supporting  structure  is  somewhat  decreased,  allowing  the  measure¬ 
ment  of  larger  and  heavier  low  cross  section  targets.  The  foregoing  idea 
has  been  implemented  at  Lincoln  laboratory;  as  a  result,  we  have  obtained 
a  substantial  reduction  in  the  interference  contribution  of  the  support 
structure.  First,  the  support  structure  is  rotated  through  a  full  revolu¬ 
tion,  and  a  digital  recording  is  made  of  the  amplitude  and  phase  of  the 
reflected  energy  as  a  function  of  support  structure  azimuth.  Then  the 
experiment  is  repeated  with  the  target  in  place  on  the  support  structure. 

The  two  recordings  are  then  processed  in  a  digital  computer  to  obtain  the 
vector  difference  as  a  function  of  azimuth.  This  process  provides  a  sub¬ 
stantial  increase  in  the  ability  to  measure  true  target  phase  and  amplitude 
as  a  function  of  azimuth.  A  secondary  benefit  of  thi6  approach  is  the  con¬ 
venience  of  digital  processing  to  obtain  output  presentations  of  the  data 
in  more  useful  forms. 

The  experimental  system  is  illustrated  in  Fig.  1.  A  shaft  encoder  was 
installed  on  the  rotatable  support  turntable  of  the  backscatter  range, 

Fig.  2,  equipped  with  a  phase-locked  C.W.  I^-tand  radar.  Azimuth  fnom  the 
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Fig.  1.  Schematic  of  Apparatus  Used  for  Vector-Field  Subtraction  Method 


turntable,  along  vith  amplitude  and  phase  frem  the  radar,  are  recorded 
on  a  slow-speed,  IBM- format,  digital  magnetic  tape  recorder.  Amplitude 
and  phase  are  sampled  approximately  50  times  per  second,  and  azimuth  is 
sampled  approximately  10  times  per  second.  When  the  support  structure 
rotates  at  1  rpm,  data  is  obtained  at  approximately  l/lO  degree  intervals 
of  turntable  azimuth.  Experimental  vector  subtraction  programs  were 
written  for  the  I  EM  709^  computer  and  the  CDC-160A  computer.  Computer  out-- 
puts  were  obtained  on  an  intermediate  magnetic  tape,  and  these  results 
were  then  plotted  by  use  of  a  Calc  amp  plotter  driven  by  an  IBM  1401  com¬ 
puter.  The  experimented  implementation  employed  several  stages  in  order 
to  make  use  of  the  existing  laboratory  computational  facilities;  if  this 
technique  were  to  be  used  on  a  routine  basis,  a  more  natural  thing  might 
be  to  employ  a  computer  and  a  plotter  connected  in  real  time  to  the  back- 
scatter  range. 

At  Kg-band,  low  cross  section  shapes  commonly  exhibit  RCS  of  -10  to 
-20  dbx.2.*  It  Is  generally  accepted  that  the  target  cross  section  should 
be  approximately  20  db  higher  than  the  radar  return  of  the  support  structure 
for  good  evaluation  of  the  target  characteristics.  This  means  that  the 
support  structure  return  should  he  at  least  -30  dbX2  in  the  low  cross  section 
region  of  the  target  under  test. 

Figure  3  presents  an  Illustration  of  the  type  of  preliminary  results 
obtained.  Figure  3(a)  showB  the  cross  section  of  a  styrofoam  column  as  a 
function  of  azimuth;  Figure  3(h)  represents  the  cross  section  of  a  sphere- 
cone  (cone  half- angle  =  15°,  to-  =  17*35)  as  measured  with  this  model  em¬ 
placed  atop  that  column.  Note  how  the  low  cross  section  region  of  the 
model  is  totally  masked  by  the  return  from  the  column.  (The  phase  angle 
corresponding  to  the  above  amplitude  records  was  also  measured  but  is  not 
displayed  here.)  After  the  vector  subtraction  described  earlier  had  been 

*(i.e. ,  10  to  20  db  below  a  -  A  2) . 
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performed,  the  results  shown  in  Fig.  3(c)  were  obtained.  Observe  here  the 
relative  symmetry  of  the  function,  and  the  fact  that  the  amplitude  of  the 
critical  nose-on  region  of  the  model  now  lies  10  to  20  decibels  below  the 
amplitude  of  the  column.  The  resultant  phase  (after  vector  subtraction)  is 
shown  in  Fig.  3(d).  Observe  here  also  the  relative  symmetry  of  the  net  pliase 
result.  This  symmetry,  however,  will  prevail  only  if  the  target  is  placed 
symmetrically  within  the  illuminating  field,  and  only  if  the  axis  of  azimuth 
rotation  lies  in  the  plane  of  symmetry  of  the  target. 

That  such  promising  results  have  been  obtained  at  millimeter  wavelengths, 
where  even  very  small  mechanical  deflections  (e.g.,  of  the  column)  will  cause 
relatively  large  errors  in  phase  measurement,  leads  us  to  believe  this  method 
will  be  even  more  profitable  to  apply  at  lower  frequencies.  This,  in  turn, 
suggests  that  the  digital  subtraction  method  of  low  radar  cross  section 
measurement  may  be  most  useful  for  large  objects  measured  at  the  lower 
frequencies,  typically  a  task  of  full-scale  reflectivity  ranges.  Measure¬ 
ments  results  are  also  expected  to  be  improved  by  the  use  of  pulse  instead 
of  C.W.  methods  in  order  to  be  able  to  gate  out  unwanted  returns  of  objects 
other  than  the  column. 

The  aid  rendered  by  A.  J.  Yakutis  and  E.  J.  Peters  in  the  instrumenta¬ 
tion  area,  W.  R.  Crowther  and  0.  V.  Fortier  in  the  computer  programming, 
and  D.  F.  Sedivec  in  both,  is  gratefully  acknowledged. 


414 


ATTtTUOC  AMCU  Mx> 


RADAR  CROSS-SECTION  MODEL  FABRICATION 
AT  CORNELL  AERONAUTICAL  LABORATORY 


John  E.  Hopkins 

Cornell  Aeronautical  Laboratory,  Inc. 
Buffalo,  New  York  14221 


ABSTRACT 

Problems  and  techniques  of  model  fabrication  are  discussed. 

The  need  for  lightweight  models  to  permit  using  supports  with  small 
radar  reflection  is  noted.  The  merits  of  wooden  models  are  mentioned, 
and  precautions  which  must  be  taken  in  working  with  these  models  are 
presented. 

INTRODUCTION 

The  Cornell  Aeronautical  Laboratory  indoor  cross-section  ranges 
operate  in  the  X  and  K  bands  and  are  used  primarily  for  making 
measurements  on  scaled  models.  If  the  measurements  are  to  indicate 
accurately  the  results  which  can  be  expected  on  full-scale  targets,  it  is 
necessary  that  all  significant  target  characteristics  be  preserved  in  the 
design  and  fabrication  of  the  scaled  models.  This  paper  provides  a  brief 
review  of  the  model  construction  materials  and  practice  which  have  been 
examined  and  used  at  this  Laboratory. 

Model  Requirements 

Two  factors  have  been  found  of  prime  importance  in  modeling 
practice.  One  of  these  factors  is  model  cost,  since  the  expenditure  on 
models  of  the  more  elaborate  targets  may  exceed  all  other  costs  of  an 
experimental  program.  The  other  factor  is  model  weight,  which  must  be 
kept  low  for  targets  with  small  radar  cross-section. 

The  interrelation  between  model  weight  and  observable  radar 
cross -section  arises  through  need  for  minimizing  radar  scattering  by  the 
target  support.  The  support  which  has  proven  most  satisfactory  at  the 
Cornell  Aeronautical  Laboratory  consists  of  two  or  more  thin  dielectric 
strings.  The  radar  cross  section  of  these  strings  causes  unwanted  signal 
to  interfere  with  the  target  signal.  The  unwanted  signal  is  approximately 
proportional  to  the  fourth  power  of  string  diameter.  f  The  strength  varies 
with  the  square  of  diameter,  so  that  the  reduction  in  support  interference 
which  can  be  obtained  by  reducing  model  weight  and  thus  both  tensile 
strength  and  string  diameter  is  evident. 


r/i 

The  fourth  power  relationship  is  predicted  theoretically, 
mental  studies  have  yielded  an  exponent  of  3.  86. 
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Materials  for  Handlin' 


Early  versions  of  lightweight  models  were  made  using 
solid  aluminum,  which  has  a  density  of  about  0.  1  pound/inch^.  As 
improvements  in  equipment  capability  permitted  the  reliable  measure¬ 
ment  of  smaller  radar  cross-section,  the  need  for  more  delicate  support 
mechanisms  became  apparent.  Models  were  lightened  somewhat  by  using 
magnesium  (approximately  0.066  pound/inch^)  and,  where  external  model 
contour  allowed  it  by  internal  hollowing.  Hollow  magnesium  models 
generally  weigh  from  one-third  to  one-half  as  much  as  their  solid  alumi¬ 
num  equivalents. 

Several  techniques  for  constructing  still  higher  models  were 
then  studied.  These  included  the  use  of  foamed  plastics  and  of  molded 
plastic  shells.  The  models  subsequently  were  covered  with  highly  con¬ 
ductive  silver  paint.  Although  such  techniques  offer  promise  of  future 
development,  we  have  not  found  them  fully  satisfactory  and  thsy  hava  not 
as  yet  been  generally  employed  at  CAL. 

Machined  balsa  wood  was  also  tried  for  model  construction. 

It  was  found  that  its  grain  texture  is  not  well  suited  to  the  precision  ma¬ 
chining  commonly  required.  Furthermore,  balsa  wood  is  not  dimensionally 
stable  and  the  conductive  silver  coating  frequently  cracks  when  subjected  to 
varying  temperature  and  moisture  conditions. 

The  material  finally  chosen  and  currently  being  used  for  the 
construction  of  models  is  well  cured,  close-grained  white  pine.  Other  woods 
have  not  been  investigated  since  white  pine, which  is  commonly  used  for 
pattern  material,  has  been  found  to  be  fairly  stable,  relatively  easy  to 
machine,  inexpensive  and  readily  available. 

For  the  construction  of  very  small  models  and  of  model 
appendages,  aluminum  is  a  satisfactory  material.  Aluminum  or  magnesium 
is  also  used  generally  when  it  is  necessary  to  cover  conducting  surfaces 
with  materials  having  special  physical  properties  such  as  dielectric  coatings, 
etc. 

Method  of  Fabrication 

Wooden  models  are  generally  constructed  of  a  laminate  in  order 
to  minimize  tendencies  toward  warpage  and  splitting.  Initial  machining 
results  in  a  slightly  oversize  model,  the  surface  of  which  is  then  thoroughly 
impregnated  with  a  lacquer  sealer.  The  sealer  serves  the  dual  purpose  of 
improving  the  wood  stability  and  of  providing  a  better  surface  for  final 
machining.  After  final  machining,  an  automobile  sanding  surface  lacquer  is 
applied  which  gives  the  model  a  hard  finish.  The  latter  is  then  carefully 
sandedto  produce  an  extremely  smooth  surface,  Finally,  the  model  is 
sprayed  with  highly  conductive  silver  paint.  This  paint  is  applied  in  several 
thin  coats  in  order  to  assure  uniformity  as  well  as  maximum  surface  con¬ 
ductivity. 
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Precautions 


Certain  precautions  in  handling  these  models  are  necessary. 
Care  must  be  taken  not  to  rub  off  any  of  the  conductive  surface.  Also, 
wooden  models  are  much  more  subject  to  surface  denting,  than  are  those 
made  of  metal.  On  the  other  hand,  if  such  damage  does  occur,  the 
wooden  model  can  be  repaired  much  more  easily. 

Prolonged  storage  of  the  wooden  models  and/or  subjecting 
them  to  relatively  large  changes  in  ambient  temperature  is  very  likely  to 
result  in  the  occurrence  of  hairline  cracks  in  the  conductive  surfaces. 


The  presence  of  even  very  minute  surface  discontinuities  must 
be  avoided,  especially  where  a  dielectric  (wood,  plastic,  etc.  )  is  the 
material  used  for  construction  of  the  model  base.  If  such  discontinuities 
do  exist,  then  the  non-metallic  medium  inside  the  metallic  surface  can  be 
excited  by  energy  radiated  through  the  cracks.  The  reradiation  which  may 
then  result  is  likely  to  give  a  significant  contribution  to  the  observed  radar 
cross  section.  In  order  to  illustrate  this  point,  two  examples  from  our 
own  experience  are  worth  noting. 


In  the  first  instance,  the  target  was  a  smooth,  symmetrical 
body  normally  having  a  "nose-on"  cross  section  of  about  10"0.  ?  \  2  and  a 
minimum  value  of  the  cross  section  envelope  of  about  10” 2.  5  \  2  between 
the  nose-on  and  specular  aspects.  When  a  hole  .  040  inch  diameter  was 
deliberately  introduced  in  one  side  of  this  body,  the  minimum  value  of  the 
cross  section  envelope  between  nose-on  and  specular  aspects  on  that  side 
of  the  body  increased  by  13  db  to  about  10“  1-  2\  2, 


In  a  second  case,  a  body  having  an  original  radar  cross  section 
of  approximately  at  X-band  was  observed,  after  fairly  prolonged 
storage,  to  have  developed  fine  crazing  marks,  leBS  than  ,  005  inches  wide. 
A  measurement  of  the  body  in  this  condition  was  compared  to  a  measure¬ 
ment  taken  after  the  surface  had  again  been  prepared  carefully  to  be 
continuously  conductive.  Differences  in  the  cross  section  of  at  least  10  db 
were  observed. 


The  presence  of  these  discontinuities  is  therefore  unacceptable 
and  it  is  desirable  to  keep  the  models  in  a  constant  temperature,  constant 
humidity  environment  to  minimize  crazing.  Even  when  such  care  is  taken, 
it  is  advisable  in  the  case  of  a  model  which  has  been  stored  for  some  time 
to  perform  the  relatively  inexpensive  precautionary  task  of  refinishing  the 
conductive  surface. 


Because  of  the  relative  ease  in  handling  of  wood,  the  method  of 
model  construction  just  described  has  been  found  economically  attractive 
even  in  cases  of  relatively  high  cross-section  targets  where  close  weight 
control  is  not  particularly  essential. 
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SUMMARY 

For  modeling  target*  of  small  radar  cross  section  and  of  appreciable 
physical  size,  the  experience  at  Cornell  Aeronautical  Laboratory  has  shown 
that  wooden  models  painted  with  conducting  silver  paint  are  satisfactory. 
They  combine  light  weight  with  eoonoqy  in  fabrication*  The  wooden  models 
must  be  treated  and  stored  with  some  care  and  must  be  refinished  occasion¬ 
ally.  The  effect  of  maltreatment  or  careless  storage  may  be  to  damage  the 
skin  of  the  model,  which  can  have  major  effect  on  the  radar  cross  section. 


METAL-SPRAYED  FIBERGLAS 
RADAR  TARGET  MODELS 

Forest  M.  Hudson 
Senior  Engineering  Designer 
Hughes  Aircraft  Company- 
Radar  Division 
Fullerton,  California 

INTRODUCTION 

In  January,  1962  Hughes  Aircraft  Company  became  actively  engaged  in 
performing  ultra-short  pulse  radar  signature  measurement  studies.  Among 
the  radar  target  models  of  various  geometries  vhich  were  required  for 
the  measurement  programs,  five  were  comparatively  large  and  complex  in 
shape  (see  Figures  1  through  4).  A  major  requirement  was  to  produce 
these  targets  at  minimum  cost  while  maintaining  desired  electrical  and 
mechanical  specifications.  This  paper  covers  the  design  approach  and 
the  subsequent  solution  to  the  problem. 

SPECIFIC  REQUIREMENTS 

During  the  signature  studies,  the  targets  were  to  be  suspended  in 
the  radar  test  range  from  a  single  point  located  at  their  linear  centers. 
This  scheme  would  permit  positioning  at  any  specific  aspect  angle  with 
respect  to  the  radar  antenna  boresight  line.  The  targets  were  to  be  held 
in  position  by  means  of  a  system  of  three  or  four  light  (0.03  inch 
diameter)  Dacron  stabilization  lines  which  would  run  from  the  target  to  a 
tiedown  circle  on  the  ground.  The  circle  would  have  360  anchor  points 
spaced  at  1-degree  increments. 

The  targets  were  required  to  be  of  minimum  weight  so  that  the  size  of 
the  lines  used  for  target  suspension  and  positioning  would  exhibit  the 
smallest  possible  radar  cross  section.  Another  requirement  was  to  obtain 
a  metal  surface  with  a  maximum  resistivity  of  5  micro-ohms  per  cubic 
centimeter.  It  was  also  necessary  that  the  metal  surface  be  as  free  as 
possible  of  electrical  discontinuities.  The  8ize  of  holes  for  attaching 
the  suspension  elements  ’was  correspondingly  held  to  a  minimum. 

FLAME  METAL-SPRAYING 

The  key  to  the  choice  of  a  structural  material  for  the  targets  was 
the  flame  metal-spraying  process  used  in  other  areas  of  industry,  but 
not  widely  employed  in  the  field  of  electronics.  Flame  metal -spraying 
makes  possible  the  use  of  many  low  cost  nonmetals  such  as  glass,  paper, 
plastics,  etc.,  in  applications  where  conductivity  or  electrical  reflec¬ 
tivity  of  metallic  surfaces  are  required.  Of  particular  interest  for 
this  application  were  the  versatile  and  easily  fabricated  plastic 
fiberglas  laminates. 


Spraying  Process 


The  flame  metal-spraying  process  Is  a  means  by  which  metal 
powders  or  wire  are  atomized  in  an  oxy-acetylene  flame-  and  sprayed  by 
compressed  air  onto  the  receiving  surface  in  much  the  same  way  as  paint 
is  sprayed. 

Sandblasting  is  usually  employed  to  provide  a  rough  and  clean 
surface  to  facilitate  film  adhesion.  The  metal  droplets  flatten  when 
striking  the  surface,  and  interlock  vith  irregularities  of  the  base 
material  and  with  each  other.  Keat  produced  by  the  molten  droplets  is 
quickly  dissipated  by  the  compressed  air  due  to  the  low  mass  of  material 
involved  (proper  spraying  techniques  permit  some  metals  to  be  sprayed 
directly  onto  the  human  hand  without  causing  discomfort).  The  costs  for 
metal-sprayed  surfaces  range  from  $0.05  to  $0.20  per  mil,  per  square 
foot. 

Electrical  Properties  of  Sprayed  Metal  Surfaces 


The  conductivity  of  the  sprayed  metal  surface  iB  largely 
dependent  on  film  thickness  and  the  spraying  technique.  Too  much  heat 
increases  the  oxides  content  of  the  film,  thereby  reducing  conductivity; 
too  little  heat  gives  the  film  poor  mechanical  properties.  Using  a 
spraying  technique  with  optimum  heating,  a  3-mil  thick  aluminum  film 
will  exhibit  a  conductivity  80  to  9 0$  of  that  characteristic  of  the 
basic  metal. 

Experimental  investigation  reveals  that  samples  with  a  film  of 
approximately  3-mil  average  thickness  and  approximately  90$  surface 
coverage  reflect  99$  of  incident  energy.  Radar  cross  section  measure¬ 
ments  revealed  that  the  measured  cross  section  of  a  2-foot  diameter 
metal-sprayed  sphere  compared  favorably  with  the  theoretical  cross 
section  calculations  within  a  ±  1  db  measurement  tolerance. 

FIBERGLAS  PLASTIC  LAMINATES 

It  can  be  seen  that  flame  metal- spraying  makes  available  a  broad 
selection  of  structural  nonmetals  for  the  construction  of  radar  targets. 
Epoxy-based  fiberglas  has  a  higher  strength-to-weight  ratio  than  that  of 
aluminum,  and  in  many  cases  costs  less  to  fabricate,  particularly  in  the 
case  of  compound  curved  surfaces.  In  addition,  the  method  avoids  sur¬ 
face  discontinuities  such  as  the  welded  seams  or  fasteners  required  in 
sheet  metal  fabrication. 

Other  advantages  include  resistance  of  the  materials  to  corrosion, 
and  (although  the  surface  is  inherently  dent-proof  and  mar-proof)  easy 
and  cheap  repair  of  damage. 
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FIBERGLAS  FABRICATION 


Fiberglas  products  are  fabricated  in  many  ways,  ranging  from  hand 
lay-up,  through  methods  in  which  the  materials  are  Bprayed,  to  the  com¬ 
plex  filament  winding  processes.  By  far  the  simplest  and  cheapest 
method  for  most  requirements  is  the  hand  lay-up  process,  which  employs 
an  epoxy  resin  that  cures  at  room  temperature. 

Although  only  one  target  of  any  given  type  was  required  for  this 
program,  the  method  allows  any  number  of  copies  of  a  particular  shape  to 
be  produced  from  the  same  molds.  A  master  pattern  of  the  desired  target 
shape  was  first  constructed;  a  wooden  framework  covered  with  wire  cloth 
on  which  casting  plaster  could  be  applied  to  obtain  the  finished  shape 
was  satisfactory  for  most  cases.  If  a  target  were  symmetrical  about  an 
axis,  the  master  pattern  could  be  shaped  by  turning  against  a  profiling 
tool. 


Castings  were  taken  from  the  master  pattern,  providing  negative 
molds • in  which  the  fiberglas  was  subsequently  laminated.  Riba  and 
stringers  were  installed  for  strength  as  required.  (Such  members  can  be 
made  of  any  structural  material  such  as  wood  or  metal,  or  can  be  formed 
of  fiberglas.) 

Hardware  required  for  suspension  or  handling  was  molded  into  the 
target  parts  where  necessary.  Weights  were  installed  in  some  of  the 
targets  to  move  the  center  of  gravity  into  conjunction  with  the  linear 
center,  so  that  a  level  attitude  would  be  achieved  when  the  target  was 
suspended  in  the  test  range. 

Target  parts  were  assembled  and  Joined  with  additional  resin  and 
fiberglas.  Ihe  finished  seams  resulted  in  smooth,  unbroken  surfaces. 
Corrections  to  exact  tolerances  were  easily  made  by  building  up  or 
removing  fiberglas  and  resin  in  the  pertinent  areas. 

COST  COMPARISON 

The  costs  involved  in  the  fabrication  of  equivalent  fiberglas  and 
aluminum  targets  are  exemplified  by  a  spherically  terminated  cone  ap¬ 
proximately  12  feet  long,  and  8  feet  at  its  greatest  diameter.  Spheric¬ 
ity  tolerances  were  ±0.06  inch  for  the  large  end  and  ±0.03  inch  for  the 
small  end.  Tolerance  for  the  length  and  major  diameter  of  the  cone  was 
±0.06  inch.  (As  a  basis  for  tolerance  comparison,  l/l6  wavelength  at 
5  kilomegacycles,  C-band,  is  0.147  inch.) 

The  cost  of  the  fiberglas  tooling,  including  master  pattern  and 
castings,  was  $1450.00.  Material  costs  were  approximately  $830.00, 
and  labor  waB  $1 400.00.  The  total  cost  of  the  completed  target  thus 
was  $3^80.00. 
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IVie  same  target  fabricated  from  aluminum  would  have  consisted  of  a 
welded  internal  framework  of  extruded  aluminum  ribs  and  stringers.  The 
spherical  surfaces  would  have  been  spun  from  aluminum  sheet,  and  the 
conical  surfaces  would  have  been  aluminum  sheet  riveted  to  the  internal 
framework.  The  spherical  ends  would  have  been  welded  onto  the  conical 
surface,  and  all  seams  and  rivets  of  the  target  would  have  been  welded 
and  ground.  The  estimated  fabrication  costB  for  the  aluminum  target 
are  as  follows: 


Small  spherical  end 
(spinning) 

Material  . 

Tooling  . 

Labor  . 

Materl  a"!  . 

.  100.00 

Large  spherical  end 
(spinning) 

Tooling  . 

Labor  . 

.  800.00 

Internal  structure 

Material  . 

Labor  . 

Skin  for  cone 

Material  . . 

Labor  . 

Total  . 

The  total  cost  for  the  aluminum  target  does  not  reflect  a  possible 
additional  $800.00  to  $1000.00  for  hand  rework  labor  due  to  distortion 
of  the  skin  during  the  welding  processes. 

CONCLUSION 

The  five  targets  required  for  the  signature  study  program  were 
successfully  fabricated  at  a  relatively  low  cost  with  the  metal-sprayed 
fiberglas  process.  All  targets  were  produced  within  tolerances  similar 
to  those  of  the  cost  comparison  example.  The  following  tabulation  shows 
the  targets  that  were  made  arid  the  production  cost  of  each. 


Target  Cost,  $ 

2-foot  diameter  sphere  (Figure  l)  335* 00 

32-inch  truncated  cone  (Figure  2)  415.00 

8-foot  spherically  terminated  cone,  including  981.00 

three  interchangeable  tips  (Figure  3) 

12-foot  signature  model  (Figure  4)  2600.00 
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ANTENNA  SCATTERING  MEASUREMENTS*  - 

D.  L.  Moffatt 
Research  Associate 
Antenna  Laboratory 
Department  of  Electrical  Engineering 
The  Ohio  State  University 
Columbus,  Ohio  43210 


INTRODUCTION 

It  is  sometimes  required  that  one  experimentally  obtain  the 
monostatic  or  bistatic  echoing  area  of  loaded  scatterers,  i.e.  , 
targets  which  have  one  or  more  pairs  of  terminals  with  associated 
loads.  Often  such  measurements  are  desirably  if  not  necessarily 
made  using  modelled  targets.  The  purpose  of  this  paper  is  to 
present  systematic  measurement  procedures  developed  at  The  Ohio 
State  University  Antenna  Laboratory  for  the  evaluation  of  the  scat¬ 
tering  properties  of  such  targets.  The  interpretation  of  model 
measurements  is  described,  but  the  measurement  procedures 
given  are  equally  applicable  to  modelled  or  full  scale  targets.  We 
restrict  ourselves  to  a  scatterer  with  a  single  pair  of  terminals 
located  on  a  transmission  line  supporting  a  single  propagating  mode. 

ANTENNA  SCATTERING 

A  basic  expression  for  the  field  scattered  by  a  loaded  target 
as  a  function  of  its  load  impedance  has  been  developed  by  a 
number  of  authors.1'2  »3»4  These  results  show  that,  in  general, 
knowledge  of  the  transmitting  and  receiving  properties  of  the  target 
are  not  sufficient  to  predict  the  scattered  field.  Usually  additional 
information  such  as  the  scattered  field  for  an  open  or  short- 
circuited  load  is  required.  The  form  of  this  expression  which  we 
have  found  to  be  most  useful  was  developed  by  Green* 


(1)  E8(0,  Zt)  =  A(©,  <*>>  +  B(0,  4>)  T(Z|)  , 


*  The  work  reported  in  this  paper  was  supported  in  part  by 
Contract  AF  33{616)-80  39  between  Air  Force  Avionics  Labo¬ 
ratory,  Research  Technology  Division,  Wright-Patterson  Air 
Force  Base,  Ohio  and  The  Ohio  State  University  Research 
Foundation. 
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where  8  and  4>  are  spherical  coordinates  defining  the  direction  of  the 
scattered  field,  Z|  =  R|  +  j  X|  is  the  load  impedance,  Za  ■  Ra+  j  Xa 
is  the  input  impedance  and  the  modified  current  reflection  coefficient 
is  given  by 


(2) 


r(Z|)  = 


za~  Zl 


Za  +  zf 


The  asterisk  (*)  denotes  complex  conjugate.  Equation  (1)  holds  for 
a  single  component  of  the  scattered  field  and  for  a  fixed  frequency, 
polarization,  and  aspect  of  the  incident  field.  The  terminal  plane 
is  on  a  transmission  line  supporting  a  single  propagating  mode  so 
that  the  input  impedance  (Za)  and  load  impedance  (Z |)  may  be 
uniquely  defined.  Equation  (1)  separates  the  scattered  field  into 
a  component  independent  of  the  load  impedance  (A(9, <j>))  and  a 
component  dependent  on  the  load  impedance  (B(9, 4>)  T(Z|)).  It  is 
evident  that 


(3)  A(8,(t>)  =  E8<0,4>,  Z*)  =  £  [E8(9,<j>,  -jXa)  +  ES(0, j«)]  , 
and 

(4)  B(9,<t>)  =  £  l  Es(8, 4>,  -jXa)  -  Es(0, 4>,  j»)]  . 

It  is  also  possible  to  express  B ( 8,  )  in  terms  of  antenna  parameters5 

-jwp  : 

(5)  B(0,4>)  = -  hr  (0,4,)  (hr  •  El)  -  , 

8ir  Ra  “  ~  R 

where  E1  is  the  incident  field,  lir  the  vector  height  and  hr  a  scalar 
component  of  hr.  Equation  (5)  demonstrates  that  the  load  dependent 
component  of  the  scattered  field  has  the  same  pattern  as  the  trans¬ 
mitting  pattern  of  the  antenna. 

I 

For  a  fixed  direction  of  the  scattered  field  (0O»4>O),  the  variation 
of  the  scattered  field  with  load  impedance  may  be  graphically 
represented  conveniently  on  a  Smith  chart.  Normalizing  Eq.  (1)  by 
®(^o* 


(6) 


+  r(zl> 


E  (Qq»  4>q t  Zf)  _  A(Qq,  4>q) 

B(60.  4*0)  B(60#  4>0) 


Referring  to  Fig.  1  (coordinates  u,v  in  Fig.  1  will  be  utilized  later), 
the  scattered  field  as  a  function  of  load  impedance  i6  proportional 
to  the  distance  yx,  where  yo  is  a  vector  representing  the  load 
independent  component  ••  A(€^,  4>0)/B(€t>,  $0)  and  ox  is  the  modified 
reflection  coefficient  -  r.  The  relative  phase  of  the  scattered  field 
is  given  by  the  angle  oyx.  For  an  arbitrary  scatter er,  the  point  y 
may  lie  inside,  outside,  or  on  the  rim  of  the  chart.  For  passive 
loads,  |  r|  is  always  <  1.  Thus  point  x  for  passive  loads  is  always 
inside  or  on  the  rim  of  the  chart.  As  the  load  Z|  is  varied,  yo 
remains  fixed  and  x  wanders  over  the  interior  (lossy  loads)  and 
rim  (reactive  loads)  of  the  chart.  The  corresponding  changes  in 
yx  and  angle  oyx  yield  the  change  in  amplitude  and  phase  of  the  scat¬ 
tered  field. 


ANTENNA  MODELS 

A  diagram  of  a  receiving  antenna  is  shown  in  Fig.  2a.  Region  I 
is  the  ambient  medium  surrounding  the  antenna,  region  II  is  a 
transition  from  free  space  to  a  transmission  line,  i.  e. ,  the  antenna. 
Region  III  is  a  transmission  line  on  which  a  single  mode  propagates 
and  region  IV  is  an  ideal  load.  As  shown  in  Fig.  2a,  Eq.  (1)  may  be 
used  at  any  terminal  plane  defined  in  region  III. 

Suppose  a  second  antenna  was  constructed  which  was  intended 
to  be  either  a  practical  geometrical  model  (same  ambient  medium 
in  model  and  prototype)  or  a  full  scale  duplicate  of  the  antenna  in 
Fig.  2a.  Such  an  antenna  is  shown  in  Fig.  2b.  The  linear,  passive, 
bilateral  two-port  shown  in  Fig.  2b  is  introduced  to  account  for  any 
differences  between  either  the  full  scale  antenna  and  its  duplicate 
or  the  actual  model  and  a  valid  practical  model.  It  should  be  noted 
that  although  the  devices  in  Fig.  2  have  been  termed  antennas,  in 
the  general  case  they  could  represent  a  complex  radar  target  with 
an  attached  antenna  system. 

Introduction  of  the  two«port  in  Fig.  2b  requires  some  explanation. 
In  the  case  of  models,  we  assume  that  with  strict  attention  to  scale 
factor  and  conductivity  effects  the  physical  antenna  configuration  and 
a  short  section  of  transmission  line  can  be  properly  modelled.  The 
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transmission  line  and  load  will  often  be  encapsulated  within  a  radar 
target  and  not  readily  accessible!  and  any  leads  to  the  target  could 
interfere  with  the  scattering  measurements.  For  this  reason,  a 
programmed  type  load  capable  of  either  stepping  to  various  pre¬ 
selected  reactances  or  varying  continuously  from  j»  to  -j®  is  used. 

It  is  not  feasible  to  construct  a  modelled  version  of  this  load  because 
of  component  size  and  loss  considerations.  Also  a  different  load 
would  be  required  for  each  scale  factor.  Thus  in  the  model  the 
two-port  is  deliberately  introduced  and  becomes  a  transition  section 
from  the  modelled  line  to  the  programmed  load.  In  the  case  of  the 
full  scale  duplicate  antenna,  some  type  of  transition  may  still  be 
necessary  to  attach  the  programmed  load.  Barring  this,  slight 
differences  could  also  occur  in  the  transmission  line  leading  to  the 
load. 

In  general  then  either  deliberately  or  inadvertently  an  unknown 
two-port  exists  between  the  load  terminals  1£  and  antenna  terminals 
3*  of  the  antenna  in  Fig.  2b,  To  the  right  of  terminal  plane  3'  we 
assume  either  an  exact  duplicate  antenna  or  a  valid  geometrical 
model.  Insofar  as  the  antenna  characteristics  are  concerned,  the 
validity  of  this  assumption  could  be  established  by  comparing  input 
impedances,  receiving  patterns,  etc.  at  terminal  planes  3  and  3*. 

The  existence  of  the  two-port  could  then  be  established  by  corre¬ 
sponding  measurements  at  terminal  planes  1  and  1'  .  Finally,  a 
calibration  of  the  two-port  would  permit  proper  identification  of 
loads  at  terminal  plane  3'  and  one  could  proceed  with  the  measure¬ 
ment  procedures  to  be  described.  In  the  case  of  full  scale  antennas, 
such  an  approach  is  straightforward.  For  models,  however,  although 
this  approach  is  entirely  feasible  it  would  involve  construction  of  an 
additional  transition  section  as  well  as  modelled  loads.  In  the 
following  section  an  alternative  procedure  involving  one  two-port 
measurement  rather  than  a  complete  calibration  and  requiring  only 
the  construction  of  a  modelled  open  circuit  load  is  described. 

Much  of  the  preceding  discussion  is  idealized  in  the  sense  that 
we  have  assumed  complete  knowledge  of  the  prototype  antenna.  In 
many  instances  one  may  be  dealing  with  an  experimental  model 
version  of  an  antenna  on  a  complex  structure  for  which  no  full  scale 
information  is  available.  In  such  a  case,  the  burden  of  proof 
would  rest  with  the  full  scale  experimenter.  He  would  be  forced 
to  ensure  his  antenna  parameters  agreed  with  those  of  the  model 
before  utilizing  the  model  measurements. 


MEASUREMENT  PROCEDURES 


The  measurement  procedures  to  be  described  are  designed  to 
permit  the  prediction  of  the  echoing  area  of  a  loaded  target  for  any 
load  from  a  basic  set  of  measurements.  They  also  enable  one  to 
separately  identify  the  load  dependent  and  load  independent  compo¬ 
nents.  While  the  application  is  not  stressed  here,  it  should  be 
noted  that  the  techniques  for  determining  the  input  impedance  and 
gain  of  an  antenna  from  scattering  measurements  can  be  extremely 
useful  in  cases  where  exterior  leads  strongly  influence  the  antenna 
parameters. 

Consider  first  the  full  scale  antenna.  Equations  (3)  and  (4) 
demonstrate  that  when  phase  measuring  facilities6  are  available, 
measurement  of  the  input  impedance  and  the  scattered  field  with 
the  antenna  terminated  in  two  particular  reactive  loads  suffices 
to  predict  the  scattered  field  and  echo  for  any  load  at  any  measured 
aspect.  Usually  only  echo  facilities  are  available.  Let  the  antenna 
be  oriented  at  a  fixed  aspect  and  terminated  in  a  reactive  load 
variable  from  j<*>  to  -j®  .  Varying  the  reactive  load  over  its 
complete  range  we  record  the  maximum,  minimum,  and  average 
cross-sections.  That  is,  from  Eq.  (1)  we  measure 

’W*<9o"t’o>  *  k|b(6„.+0)|j  [  +  1  |* 

E^O'^o) 


I  | ,  A<0o’*o) 

unl0o*  4>o)  =  K I  B(0o»  4>0)  I  2  -  -  1 

B(0o,«j,o) 


<ravg^0o'  ^o)  ~ 


°'max^0o'^o)  +  <rmin(0o»<t>o) 
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where  K  is  the  calibration  constant  of  the  range  and  0rnax(t^» 4*o) 
the  maximum  cross  section  when  the  microwave  bridge  of  our  echo 
range  is  misnulled  such  that  <rmin(^)i  $0)  is  equal  to  zero.  Given 
these  measurements,  the  input  impedance,  gain  of  the  antenna,  at 
*o,$ot  and  the  diagram  of  Fig.  1  for  6^,4>0  can  be  determined.  The 
justification  and  details  of  these  procedures  are  given  in  a  series 
of  reports  by  Garbacz.7*  For  our  present  purpose  we  are 
primarily  interested  in  the  determination  of  the  input  impedance 
from  scattering  measurements,7  which  requires  only  the  first 
three  measurements  of  Eq.  (7). 

Now  consider  the  duplicate  or  modelled  antenna  in  Fig.  2b. 

It  can  be  shown  that  the  modified  reflection  coefficients  at  terminal 
planes  1'  and  3*  are  related  as 


(8)  rj  =  a  +  b  rj 

and  that 

a  =  r  +  s 

(9) 

b  =  r  -  8 


The  quantities  r  and  s  can  be  expressed  in  terms  of  the  four  pole 
impedance  parameters  of  the  two-port  and  Za. 10  It  is  not 
unreasonable  to  assume  that  the  transition  from  modelled  line  to 
the  load  is  essentially  lossless.  In  this  case  r  =  -s 

a  =  0 

(10)  I  I 

|b|=l 


Z  -jX 


t  a.  J  2 

r  - r* - 

J  za+jx; 
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—  r, 


where  X22  is  the  reactance  looking  into  the  two-port  from  terminal 
plane  1'  with  an  open  circuit  at  terminal  plane  3’  .  Thus  it  is 
possible  to  transfer  a  meaningful  quantity  through  the?  two-port  by 
utilizing  the  measurements  of  Eq.  (7)  to  determine  Za  and  making 


433 


','•■.«*/£*-  W^gpwrir  r^ "iHirnTir  rrTjT~  >S|<, i  hji  iijijjh  b ^ 


one  measurement  on  the  two-port.  As  a  consequence  one  bench 
measurement;  requiring  a  quarter  wavelength  of  shorted  model 
line,  permits  us  to  work  entirely  from  terminal  plane  1'.  Note 
that  we  have  no  knowledge  of  Z|Q,  nor  is  it  possible  to  deter** 
mine  Zao  by  this  method.  But  knowing  Tj  is  sufficient  to  permit 
us  to  completely  determine  the  scattering  properties  of  the  an¬ 
tenna. 


In  the  following  we  assume  that  the  measurements  of  Eq.  (7) 
to  determine  and  the  bench  measurement  of  Xu  have  been 
made.  We  note  that 

/ 
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When  the  two-port  is  not  present,  i.  e. ,  for  the  full  scale  antenna 
these  reactive  loads  become 


Di  = 

D2  =  j® 

=  -j{Ra  +  XJ 

Ds  =J[Ra-xa] 


If  K  is  the  calibration  constant  of  the  echo  range  and  p  is  the 
modelling  scale  factor,  the  echoing  area  of  the  prototype  antenna 
for  reactive  loads  is  given  by 


(14)  <r<e,  4>,  Z^)  =  Kp2  [  |  A(6,  <j>)  | 2  +  |  B(0,  <b)  |  * 

+  2 1  A(0, 4>)  B(0,4>)|  cos  {  p  (0,  d>)  -  a}]  , 


where  p(8, 4>)  is  the  phase  angle  between  A  and  B  and  a  is  the 
phase  angle  of  F. 
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a(8,4>i  Dj)  -  (r(8, 4>.  D4) 

ff(0.4*.  Dj)  -  <r(6, 4>»  D2  ) 


Thus  from  echo  measurements  of  the  antenna  terminated  in  the  four 
reactive  loads  of  Eq.  (12)  (models)  or  Eq.  (13)  (full  scale)  the  echo 
area  of  the  antenna  for  any  passive  load  at  any  measured  aspect  can 
be  predicted.  When  the  relative  magnitude  of  the  load  dependent  and 
load  independent  components  is  not  known,  the  ambiguity  in  sign  in 
Eq.  (15)  is  removed  with  a  fifth  echo  measurement  with  the  antenna 
terminated  in  an  arbitrary  known  lossy  load.  In  utilizing  the 
geometrical  representation  to  predict  the  echo  for  an  arbitrary  load 


(20) 
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The  measurements  just  described  have  the  advantage  that  only 
reactive  loads  and  possibly  one  known  arbitrary  lossy  load  are 
required.  Some  of  the  mathematical  operations  however  are  non¬ 
linear  which  precludes  averaging  or  smoothing  the  measured  data 
before  reduction.  A  linear  procedure  is  also  possible  as  explained 
below. 

Referring  to  Fig.  1,  the  echo  area  as  a  function  of  load  is 
proportional  to  the  square  of  the  line  length  yx,  where  y  is  a 
fixed  point  and  x  varies  with  the  terminating  impedance.  This 
construction  holds  for  a  single  orientation  of  the  antenna  and 
for  a  fixed  polarization  and  frequency.  The  construction  can  be 
generalized  to  cases  where  the  aspect,  frequency,  or  polari¬ 
zation  of  the  transmit-receive  antennas  is  varied,  #  »11  in  which 
case  a  slightly  more  complicated  construction  applies  to  the 
average  echo  area  as  a  function  of  load  impedance.  This  change 
merely  adds  a  constant  to  the  square  of  the  length  yx  to  obtain 
the  average  echo  area.  Viewed  in  this  sense,  the  problem  of 
measuring  the  scattering  properties  of  an  antenna  reduces  to 
the  determination  of  the  point  y,  the  appropriate  scale  factor  and, 
for  the  case  where  average  quantities  are  sought,  an  additive 
constant. 
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Utilizing  the  uv  coordinates  of  Fig.  1,  the  echo  area  as  a  function 
of  load  impedance  can  be  written 


(21) 


°'(uxj  vx)  =  Ki  [(^y  “  (vy  **  vx)  ^2  3  * 


where  Ki  is  the  scale  factor,  K2  is  the  additive  constant,  (ux»  VjJ 
represents  the  point  x  and  (uy,Vy)  represents  the  point  y.  Note  that 
K2  would  be  zero  for  a  fixed  aspect  and  polarization.  Choosing 
the  four  particular  loads 


(22) 


<r(0, 1)  =  Ki  [1  +  Uy2  +  vy2  -  a  vy  +  K2  ] 
<r(l,  0)  =  Kj  [l  +  Uy2  +  Vy2  -  a  Uy  +  K2  ] 
<r(0,  -1)  =  Ki  [1  +  Uy2  +  Vy2  +  avy  +  K2  ] 

<r(0, 0)  =  Kj  (Uy*  +  vy2  +  K2  ) 


and  setting 
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Thus 
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Clearly  the  echo  area  of  an  antenna,  either  averaged  or  not  averaged, 
can  be  obtained  from  a  linear  combination  of  the  echo  areas  measured 
for  four  particular  load  impedances.  Note  that  a  conjugate  matched 
load  is  required.  In  the  case  of  models,  a  conjugate  match  for  Za  is 
required  and  Eq.  (11)  is  used  to  obtain  the  required  reactive 
terminations. 

CONCLUSIONS 

The  echoing  area  of  an  antenna  as  a  function  of  its  load  impedance 
can  be  predicted  from  echo  measurements  with  the  antenna  terminated 
in  four  particular  loads.  Both  linear  (requiring  a  conjugate  matched 
load)  and  nonlinear  (requiring  only  reactive  loads)  operations  are 
possible.  Modelling  techniques  for  the  evaluation  of  antenna  scattering 
properties  can  be  used,  and  a  single  bench  measurement  eliminates 
the  necessity  for  modelling  the  load  impedance  and  a  portion  of  trans¬ 
mission  line. 
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INTRODUCTION 

The  radar  cross  section  of  metallic  bodies  is  usually  obtained  by 
considering  the  conductivity  to  be  infinite.  This  paper  considers  the 
changes  in  the  radar  cross  section  when  the  conductivity  is  not  infinite. 
These  changes  are  based  on  physical  mechanisms  and  the  change  in 
radar  cross  section  is  readily  obtained  by  slide  rule  computations. 

The  first  case  to  be  considered  is  the  sphere.  The  boundary 
value  solution  of  an  electromagnetic  wave  scattered  by  a  spherical 
shape  was  originally  obtained  by  Mie.1  In  order  to  apply  this 
solution  to  spheres  of  finite  conductivity,  it  is  necessary  to  introduce 
Bessel  functions  of  complex  argument.  This  may  be  done  using 
modern  digital  computors  but  is  expensive  and  this  approach  cannot 
be  readily  applied  to  most  other  shapes  .  One  of  the  purposes  of  this 
paper  consists  of  presenting  a  method  by  which  the  radar  cross 
section  of  the  perfectly  conducting  sphere  can  be  modified  readily  to 
estimate  the  radar  cross  section  of  the  sphere  with  finite  conductivity. 
The  method  given  is  applicable  to  other  shapes  whose  radar  cross 
section  is  due  to  a  specular  reflection  and  to  a  creeping  wave.  The 
first  approximation  to  be  used  consists  of  multiplying  the  radar 
cross  section  of  the  metallic  body  by  the  square  of  the  Fresnel 
reflection  coefficient.  The  attenuation  of  the  creeping  wave  due  to 
the  finite  conductivity  is  also  treated  by  means  of  a  simple  approxi¬ 
mation  which  yields  reasonable  reduction  of  this  contribution. 

Attempts  to  determine  the  change  in  phase  of  the  creeping  wave 
component  due  to  the  finite  conductivity  have  not  been  successful. 


*  The  work  reported  in  this  paper  was  supported  in  part  by 
Contract  AF  33(6l6)-8039  between  Air  Force  Avionics  Labo¬ 
ratory,  Research  Technology  Division,  W right-Patter son 
Air  Force  Base,  Ohio  and  The  Ohio  State  University  Research 
Foundation . 


The  above  method  is  applicable  if  there  are  no  significant 
internal  reflections  such  as  would  be  the  case  for  lossy  dielectric 
bodies,  i.e.,  dielectric  bodies  with  small  conductivity.  The 
modified  geometrical  optics2 ’ s*  4  ’*  method  would  yield  readily  the 
appropriate  echo  area  for  such  bodies . 


The  echo  area  of  long  thin  targets  may  be  estimated  by 
considering  the  target  to  be  a  thin  traveling  wave  antenna  excited 
in  the  dominant  mode  by  the  incident  field.  ,T  '*  It  is  first 
assumed  that  the  target  is  a  receiving  antenna  which  couples 
energy  from  the  field  to  a  fictitious  antenna  terminal  pair .  Any 
mismatch  at  these  terminals  reflects  a  portion  of  this  energy 
which  is  reradiated  by  the  target.  The  echo  area  of  such  a 
target  is  given  by 


<r=Y* 


g*  (e,*) 


where  y  is  the  voltage  reflection  coefficient  at  the  terminals, 

G(0,  <j>)  is  the  gain  function  of  the  equivalent  antenna. 


6,$  are  the  usual  polar  coordinates  and 
\  is  the  wavelength. 


Previously  it  has  been  assumed  that  the  equivalent  antenna  is  lossless 
and  hence  the  gain  equals  the  directivity.  If  the  conductivity  is 
infinite  and  the  body  is  smooth  only  the  lowest  order  TM  mode  or  the 
principal  mode  can  exist.  The  directivity  of  the  equivalent  antenna 
for  this  dominant  mode  is  readily  computed  and  the  radar  cross 
section  is  then  obtained  from  Eq.  (1).  Targets  whose  echo  area 
have  been  computed  using  this  method  include  a  long  thin  rod,  i  an 
ogive  and  a  styrofoam  clad  rod.* 


New  modes  may  be  introduced  by  placing  a  dielectric  shell 
on  the  body  or  by  a  rough  surface*  or  by  a  lower  conductivity.  The 
case  of  the  dielectric  shell  and  corrugated  surface*  have  been 
considered  previously.  The  boundary  value  problem  needs  to  be 
solved  to  treat  the  case  for  finite  conductivity  and  then  the  calcu~ 
lation  would  parallel  the  previous  case.  Consideration  of  the 
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loss  mechanism  caused  by  the  finite  conductivity  for  the  principal 
mode  is  to  be  introduced  in  the  present  paper. 

HIGH  CONDUCTIVITY  SPHERES 

It  is  suggested  that  the  radar  cross  section  of  the  perfectly 
conducting  body  may  be  used  to  approximate  the  radar  cross 
section  of  certain  bodies  whose  conductivity  is  not  infinite.  The 
first  order  approximation  to  be  proposed9  is 

(2)  <r  =  R*  <r„ 

where  <r  =  radar  cross  section 

=  radar  cross  section  of  the  perfectly  conducting 
body  of  the  same  size  and  shape. 

1-n 

{3)  R  =  -  =  Fresnel  reflection  coefficient  and 

1+n 

n  =  the  complex  index  of  refraction. 

The  complex  index  of  refraction  n  is  defined  by 


where  y  =  propagation  constant 

u>  =  angular  frequency 
c'  =  dielectric  constant 


c0  =  dielectric  constant  of  free  space 


s 


conductivity 


p  e  permeability 


60  =  € q  =  phase  factor  of  free  space  and 

€r  =  e^,  -  j  €r  =  *he  complex  dielectric  constant. 
The  complex  dielectric  constant 


(5) 


j 


8 

W  eo 


=  t'x  (1  -  J  tan  6) 
s 

where  tan  6  =  loss  tangent  E  * 


The  approximation  of  Eq.  (2)  assumes  that  all  of  the  energy  trans¬ 
mitted  into  the  body  is  absorbed.*  The  remainder  of  the  energy  is 
then  reflected  by  the  body  acting  as  though  it  is  a  perfect  conductor 

The  results  of  this  approximate  solution  are  compared  in 
Figs.  1,  2,  3,  and  4  with  those  obtained  from  the  boundary  value 
solution  for  four  cases;  er  =  0  *  j  0.1,  0  -  j  1.  0,  0  *•  j  4.0  and 
er  a  42.  6275  -  j  41.  2692.  The  first  three  cases  are  for  a  wave 
incident  on  a  lossy  plasma  sphere  with  a  frequency  equal  to  the 
plasma  cut-off  frequency.  The  final  case  is  the  water  sphere 
computed  by  Herman  and  Battan. 10  These  cases  do  not  satisfy 
the  usual  condition  of  a  perfect  conductor  given  by  s/u>  e  »  1  and^ 
were  chosen  as  examples  simply  because  they  were  available.  ’ 

This  first  order  approximation  may  be  improved  by 
considering  the  reflection  mechanisms  individually.  The 
specular  component  of  scattered  fields  is  readily  calculated 
by  multiplying  the  scattered  field  obtained  from  geometrical 
optic 8  by  the  square  of  the  reflection  coefficient  or 


(6) 

<r  =  R 

sp 

where 

aep 

^opt  = 

aopt 

specular  component  of  radar  cross  section  and 

geometrical  optics  radar  cross  section  of  the 
perfectly  conducting  body. 


The  geometrical  radar  cross  section  for  a  sphere  is  the  well  known 
o'opt  =  ^  r 

where  r  is  the  radius  of  the  sphere.  This  equation  is  valid  for 
this  component  for  all  radii  exclusive  of  the  region  of  Rayleigh 
scattering. 

The  magnitude  of  the  component  of  the  scattered  field  due 
to  the  creeping  wave  can  be  found  from  the  maximum  and 
minimum  values  of  radar  cross  section  of  the  perfectly  con¬ 
ducting  sphere.  For  the  radii  where  these  maxima  occur,  the 
specular  component  and  creeping  wave  component  are  in  phase. 
This  yields 

=  \J  °max  "  |  °opt 

=  component  of  radar  cross  section  due  to 
the  creeping  wave  and 

=  maximum  radar  cross  section. 


“  Jv  **  ^  ffmin 

where  o'mln  “  minimum  radar  cross  section. 

Note  that  <rcw  is  a  function  of  radius. 

The  creeping  wave  field  is  attenuated  by  absorption  in 
addition  to  attenuation  by  radiation  if  the  conductivity  is  not 
infinite.  The  absorption  attenuation  factor  is  taken  approxi¬ 
mately  to  be  equal  to  the  attenuation  factor  of  a  wave  traveling 
along  the  interface  illustrated  in  Fig.  5.  The  attenuation 
factor  for  this  case  is11 


(7)  p 

\j  cw 

where  <rcw 

v  max 

Similarly 

<8> 


(9) 


a 


Po 


U>  Ci 
2  8  2 
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where  £0  *  phase  factor  of  ambient  medium 

e j  a  relative  dielectric  constant  of  the 
ambient  medium  and 

s2  =  conductivity  of  the  body. 

The  attenuation  factor  is  a  a  lOtr,  it,  tt/4,  it / 41.  2692  nepers  per 
wavelength  for  er  equal  to  0  -  j  0. 1,  0  -  j  1.  0,  0  -  j  4.  0  and 
42.6275  -  j  41,2692  respectively.  The  path  of  the  creeping  wave 
contributing  to  the  monostatic  radar  cross  section  is  illustrated 
in  Fig.  6.  Its  path  length  is  simply  vr.  The  approximate  radar 
cross  section  may  be  written  as 


(10) 

and 

(11) 


where  ^max  1®  maximum  radar  cross  section 

<rmin  1®  minimum  radar  cross  section 
of  the  lossy  sphere. 

This  method  has  been  used  to  obtain  values  for  the  maxima  and 
minima  for  the  four  cases.  The  results  are  indicated  in  Figs.  2, 
3,  and  4.  The  attenuation  of  the  creeping  wave  is  sufficient 
that  its  contribution  is  negligible  for  er  =  0  -  j  0.1  and  this  is  in 
agreement  with  the  exact  solution  shown  in  Fig.  1.  The  agree¬ 
ment  between  this  approximate  solution  and  the  exact  solution  is 
remarkable  for  all  cases  except  for  the  nulls  of  Fig.  4.  This 
deviation  probably  occurs  because  the  exact  radar  cross  section 
may  not  have  been  computed  at  the  precise  radius  at  which  the 
null  occurs. 

It  is  to  be  emphasized  that  the  radii  associated  with  these 
computed  values  has  not  been  obtained  from  the  approximation. 
To  date  no  successful  method  has  been  obtained  for  determining 
the  change  of  the  phase  of  the  creeping  wave  component  due  to 
the  finite  value  of  the  conductivity. 


The  radar  cross  section  of  a  class  of  targets  is  due  to  the 
reflection  of  the  creeping  wave  at  a  discontinuity.  This  class  of 
target  may  also  be  treated  if  the  conductivity  is  finite  provided 
that  the  reflection  mechanism  for  the  perfectly  conducting  body 
of  the  same  shape  is  known. 

LOSSY  DIELECTRIC  SPHERE 

It  has  been  shown  that  the  modified  geometrical  optics  method 
may  be  used  to  determine  the  radar  cross  section  of  lossless  die** 
lectric  bodies.  This  method  may  also  be  used  to  determine  the 
radar  cross  section  of  lossy  dielectric  bodies.  Since  the  modified 
geometrical  optics  method  has  been  described  adequately  elsewhere* 
only  the  factors  introduced  by  loss  are  to  be  discussed. 

The  various  reflection  coefficients  are  modified  due  to  the 
presence  of  the  conductivity.  The  reflection  coefficients  may  be 
obtained  simply  by  replacing  er  for  the  lossless12  case  by  the 
complex  value  given  by  Eq.  (5). 

The  modified  geometrical  optics  method  treats  rays  that 
undergo  internal  reflections  which  contribute  to  the  radar  cross 
section.  Several  of  these  are  illustrated  in  Fig.  7.  If  the 
medium  becomes  lossy,  these  rays  are  attenuated  by  an  amount 
e~ad  where  a  is  the  attenuation  factor  for  a  plane  wave  propagating 
in  such  a  medium  given  by  the  real  part  of  Eq.  (4)  and  d  is  the 
path  length  of  the  ray.  As  either  a  or  d  becomes  large  the 
contribution  from  such  components  become  negligible.  This  would 
lead  to  a  radar  cross  section  similar  to  that  of  Fig.  1.  As  the 
conductivity  is  increased  further  the  creeping  component  becomes 
significant  yielding  radar  cross  sections  similar  to  those  of  Figs. 

2,  3,  and  4.  These  changes  may  also  occur  simultaneously. 

The  phase  factor  may  also  be  changed  from  the  free  space 
value  and  is  now  the  imaginary  part  of  Eq.  (4).  Computation  of 
the  phase  of  the  scattered  field  is  essentially  in  order  that  the 
total  scattered  field  be  determined. 


RADAR  CROSS  SECTION  OF  LONG  THIN 
BODIES  OF  FINITE  CONDUCTIVITY 

The  radar  cross  section  long  thin  bodies  may  be  determined 
by  the  methods  outlined  in  the  introduction.  Since  this  case  has 
been  reduced  to  an  antenna  problem  the  fields  radiated  by  the  long 
thin  antenna  excited  in  the  principal  mode  are  to  be  considered 
when  the  conductivity  is  finite.  The  current  distribution  of  this 
traveling  wave  now  has  the  form 


(12)  I(z)aI0e“VZ 


where  the  coordinate  system  is  illustrated  in  Fig.  8. 

yaa  +  jp  =  a  +  j^~ 

a  =  attenuation  factor  of  a  wave 

0  a  phase  factor  of  the  wave 
v 

p  =  —  «  the  relative  phase  velocity 
c 

v  s  velocity  of  the  wave 
c  a  velocity  of  a  wave  in  free  space 
0Q  s  phase  factor  in  free  space. 

Walter13  obtains  the  far  field  radiated  by  this  antenna  as 


(13) 


EQ  = 


j  u  H  t0c 
4  it  r 
a  L 


-jkr 


sin  6 


L  L 

e(jPocos  e“  V)  T  m  e~UP0c°a 

j  P  cos  0-  Y 


Equation  (13)  may  be  written  in  the  form 
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Fig.  5.  Wave  propagating  along  lossy  interface. 


Fig.  7. 


Several  significant  in 
reflected  rays  for  a  d 
sphere. 


(14) 


a  L 
~ 


pk  e 


sin  6  sinh 


Ea  = 


J  Po 


(p  cob  0  -  1)  -  a 


L 

7 


j  pq(p  cos  e-  l)  -  aQp 


If  the  conductivity  is  large,  but  not  infinite,  Eq.  (14)  may  be  approxi¬ 
mated  by 

jkp  e 

(15)  Eq£  - 

j  P0  (p  cos  9  -  1)  -  a  cP 


a  L 


a  L  /  P0  A 

cosh  2  8^J1  ®  sin 1  1 “ —  (P  cos  ®  ••  1)  J 


If  pQ(p  cos  8-  1)  »  paQ,  Eq .  (15)  becomes 


(16) 


_  aL 
jkp  (  e  cosh 


(£  o  \ 

aL\/  sin  0  sin (p  cos  0-  1)1 

^  A  A  , _ Q 


which  now  is  of  the  form 

Eq%  k  p  (loss  factor)  (pattern  factor)  . 

Furthermore  the  pattern  factor  is  identical  to  the  pattern  factor  for 
a  =  0  provided  p  does  not  change  significantly  due  to  the  finite  value 
of  conductivity.  For  small  attenuation  factors,  the  relative  phase 
velocity  is  not  changed  significantly  and  the  pattern  factor  remains 
unchanged. 


The  condition  £0(p  cos  0  -  1)  »  p  a  0  must  be  satisfied  for  the 
first  major  maxima  or  for(0o/p)  (p  cos  6-1)  L>/2  ■  ir/2.  If  the 
condition  is  satisfied  for  this  lobe  it  will  also  be  satisfied  for  the 
remainder  of  the  pattern.  Thus  the  required  condition  takes  the 
form  tt/L  »  aQ  . 

Since  the  pattern  given  by  Eq.  (16)  is  identical  to  that  obtained 
when  a  equals  zero,  there  is  no  need  to  determine  the  directivity 
once  it  has  been  found  for  the  lossless  case.  It  is  only  necessary  to 
find  the  change  in  the  relative  magnitude  of  Egas  a  function  of  the 
attenuation  factor,  i.e.,  to  evaluate  the  loss  factor.  The  attenuation 
factor  for  the  cylindrical  shape  14  may  be  obtained  from  the  boundary 
value  solution  of  a  wave  traveling  along  the  cylinder. 
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Measurements6  reported  for  a  steel  and  silver  rod  of  the  same 
dimensions  show  a  5  db  difference  in  the  magnitude  of  their  respec¬ 
tive  radar  cross  sections  but  the  pattern  shape  is  essentially  the 
same  for  both  cases.  The  rod  is  19  17 2  inches  long  and  1/8  inch  in 
diameter.  The  radar  wavelength  is  1/2  inch.  Computations  of  the 
radar  cross  section  for  these  two  cases  show  no  significant  difference. 
However  the  relative  permeability  of  the  steel1*  rod  which  is  not 
known  was  taken  as  unity.  Its  value  which  is  considerably  larger  than 
unity  is  needed  to  determine  the  attenuation  factor.  This  measure¬ 
ment  does  indicate  the  validity  of  the  suggested  approach,  i.e.,  the 
use  of  Eq.  (16)  to  obtain  the  change  in  radar  cross  section.  It  also 
demonstrates  that  the  cross  section  may  be  obtained  with  reasonable 
accuracy  from  the  lossless  case  for  ordinary  conductors  when  the 
relative  permeability  is  unity. 

Decreasing  the  conductivity  would  next  require  that  fields 
given  by  Eq.  (16)  be  used.  Carbon  is  an  example  of  a  material 
for  which  this  may  be  the  case. 


Decreasing  the  conductivity  still  further  would  require  that 
fields  given  by  Eq.  (14)  be  used.  This  would  necessitate  a  new 
derivation  of  directivity  and  require  a  numerical  integration. 
Some  observations  may  be  made  however  by  expanding  Eq.  (14) 
in  the  form 


Ee~ 


-«L  aL 

-i 

-kp  e  2  cosh  -j— 

e  p“  (p  cos  9-1) 

sin  0 

j  60(P  co,?  0-  2)  **  a0p 


since  sinh  aL/2  %  cosh  aL/2  for  large  ctD/2.  The  pattern  factor 
is  now  of  the  form 


sin  9 

* 

N  [e0(p  008  e~  +  (a0p)z 

Thus  the  directivity  is  greatly  decreased.  It  would  be  further 
decreased  by  a  decreased  value  of  p  due  to  the  presence  of  the 
lower  conductivity.*  In  addition  the  loss  factor  e“a  E  (cosh^i) 
would  be  very  small.  Thus  such  radar  cross  sections  due  to 
traveling  waves  would  not  be  significant  for  ouch  materials  as  the 
usual  radar  absorbers. 
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There  also  exists  the  possibility  of  exciting  higher  order  modes 
as  the  conductivity  is  further  reduced.  This  treatment  of  high  order 
modes  is  best  considered  from  the  opposite  extreme,  i.  e. ,  the  die¬ 
lectric  with  a  small  conductivity.  Means  of  treating  the  radar  cross 
section  of  dielectric  rods  has  been  treated  previously. 16  Introduction 
of  loss  in  the  computation  of  radar  cross  section  would  parallel  the 
methods  discussed  above.  It  is  also  of  interest  to  note  that  surface 
roughness  can  also  cause  higher  order  modes  to  be  excited.  The 
pattern  due  to  this  type  of  mode  may  have  a  maximum  value  in  the 
endfire  direction  similar  to  that  of  the  dielectric  rod  antenna.  This 
is  shown  to  be  true  for  the  case  of  a  threaded  rod  both  by  theory 
and  experiment.  * 

CONCLUSIONS 

Methods  of  obtaining  the  radar  cross  sections  of  bodies  of 
finite  conductivity  have  been  discussed.  Several  of  these  methods 
require  knowledge  of  the  radar  cross  section  of  the  perfectly 
conducting  body  of  the  same  shape. 

The  radar  cross  section  of  many  bodies  is  due  to  a  specular 
reflection  and  a  creeping  wave  component.  A  first  order  approxi¬ 
mation  consists  of  simply  multiplying  the  radar  cross  section  of 
the  perfectly  conducting  body  by  "he  square  of  the  Fresnel  reflection 
coefficient.  This  is  reasonably  valid  for  many  cases.  This 
approximation  is  not  valid  if  the  creeping  wave  is  significantly 
attenuated.  A  means  of  determining  the  absorption  attenuation 
factor  has  been  given  and  has  been  shown  to  yield  accurate  radar 
cross  section  values  for  the  maxima  and  minima  of  the  sphere 
with  finite  conductivity.  The  method  does  not  yield  the  radii  at 
which  they  occur.  This  method  should  be  applicable  to  bodies 
of  other  than  spherical  shape. 

The  application  of  the  modified  geometrical  optics  method 
for  dielectric  bodies  with  small  conductivity  has  been  discussed. 

In  particular  the  considerations  necessary  to  treat  this  case 
have  been  described. 

The  effect  of  loss  on  the  radar  cross  section  due  to  traveling 
wave  modes  has  been  treated.  The  change  in  radar  cross  section 
should  be  small  for  usual  conducting  bodies.  This  mode  should  be 
negligible  for  bodies  of  smaller  conductivity  such  as  absorbers. 
Higher  order  modes  introduced  by  low  conductivity  require  treat¬ 
ment  to  obtain  the  radar  cross  section  paralleling  that  of  the  die¬ 
lectric  rod. 
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ABSTRACT 


The  selection  and  use  of  dielectric  materials  in  the  microwave  industry 
continues  to  baffle  many  engineers  and  scientists.  Materials  which  exhibit 
substantial  dielectric  losses  or  very  high  values  of  dielectric  constant,  for 
example,  are  not  well  understood.  The  variation  of  dielectric  properties 
with  frequency  seems  to  be  a  complete  enigma  to  all  but  a  few  people  who 
have  had  occasion  to  study  this  behavior.  The  measurement  of  dielectric 
properties  at  microwave  frequencies  is  usually  regarded  as  a  major  chore 
to  be  left  strictly  to  the  experts.  As  the  range  of  available  dielectric  prop¬ 
erties  broadens,  however,  in  artificial  dielectrics  and  in  mixtures  of  nat¬ 
ural  dielectrics,  applications  of  these  materials  in  both  full-scale  and 
model  studies  will  oblige  technical  personnel  in  ever-increasing  numbers 
to  become  more  familiar  with  dielectric  properties  and  their  measurement. 

This  paper  has  the  dual  purpose  of  reviewing  the  range  of  available 
dielectric  properties  and  of  summarizing  recent  advances  in  the  techniques 
of  measuring  dielectric  properties,  all  in  the  hope  of  enhancing  to  some 
degree  the  understanding  and  the  application  of  dielectric  materials.  We 
do  not  have  time  to  discuss  the  theories  of  artificial  or  mixture  dielectrics, 
or  to  include  any  thorough  discussion  of  the  theory  of  measurement  of  dielec¬ 
tric  properties.  We  do  hope  that  the  reader  will  appreciate  upon  scanning 
Section  I  that  a  tremendous  variety  of  dielectric  properties  can  be  combined 
with  a  wide  range  of  physical  characteristics,  and  that  it  is  often  possible 
to  tailor  dielectric  properties  to  one's  liking.  Similarly  we  trust  that 
Section  II  will  convince  the  reader  that  many  long-standing  limitations 
on  measurement  ease  and  accuracy  are  gradually  disappearing. 
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I.  DIELECTRIC  PROPERTIES 


A.  Low-Loss  Dielectrics 

A  large  variety  of  low-loss  dielectrics  are  presently  available  for 
applications.  Dielectric  constants  vary  from  1.  02  for  very  low  density 
polystyrene  foam  to  230  for  sintered  strontium  titanate.  Available  mate¬ 
rials  with  higher  dielectric  constants  are  generally  lossy. 


Table  I  lists  room  temperature  dielectric  constants  and  loss  tangents 
of  several  low-loss  materials.  An  idea  of  the  effect  of  frequency  on  die¬ 
lectric  properties  of  such  materials  may  be  gleaned  from  the  following 
data  of  VonHippel*: 


Frequency 

Material 

cycles  per  second 

K' 

Tan  d 

Polythene  A-3305 

I  X 

109 

2.25 

0. 0003 

(DuPont) 

3  x 

10* 

10  ? 

2.  25 

0.  0003 

1  X 

2.  25 

0. 0004 

2.  5  x 

1010 

2.  24 

0. 00067 

TAM  Ticon  MC 

1  X 

l0l 

13.9 

0. 0004 

(Magnesium  Titanate) 

^  X 

10* 

10|° 

13.8 

0. 0017 

1  X 

13.8 

0. 0028 

2.  5  x 

1010 

13.7 

0. 0065 

TAM  Ticon  T-J 

1  X 

109 

96 

G. 0003 

(Rutile) 

3  x 

10* 

1010 

96 

0. 00034 

2.  5  x 

91 

0.  0033 

The  dielectric  properties  of  lossless  dielectrics  vary  much  less  with 
frequency  than  do  those  of  lossy  dielectrics.  For  this  reason  modeling 
can  usually  be  accomplished  using  the  low-loso  dielectrics  to  be  em¬ 
ployed  on  the  end  item. 

Often  more  than  one  material  will  have  dielectric  properties  suitable 
for  a  given  application.  Choice  of  the  material  to  be  employed  will  de¬ 
pend  on  one  or  more  other  characteristics.  These  include. 

1.  Temperature  stability  (physical) 

2.  Density 

3.  Physical  strength 

4.  Machinability 

b,  Com 
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TABLE  I 


LOW -LOSS  DIELECTRICS 
(Value*  of  tan  d  are  multiplied  by  10*) 


Material  Frequency  k' 

tan  d 

Maximum  Continuous 

Gc 

U*e  Temperature,  *  F 

Ceramic* 

(bated  on  Dhvaical  propertlei 

Fuaed  Quart*** 
Alumina  High  Purity 

10 

3.  78 

1.0 

2400* 

8.6 

9.40 

1.8 

3000* 

Eccofoam  Q-F  c 

8.  6 

1.2 

10 

1800* 

Eccofoam  Q-G 

8.6 

1.4 

5 

1800* 

Eccofoam  Q-R 

8.  6 

1.7 

5 

1800* 

Eccofoam  LM-4  5AC 

8.  6 

2.0 

80 

1000* 

Eccoceram  QCc 

8.6 

2.8 

20 

2500 

Eccocercm  SM-25C 

8.  6 

3.0 

40 

2000 

Eccoceram  21c 

8.  6 

7.0 

60 

2500 

Eccoflo  H1K**<= 

8.6 

1. 5  thru  10.  0 

3  thru  10 

2000* 

Eccoceram  HiKc 

8.6 

S.O  thru  9.0 

10 

1500* 

Plaetlc* 

Eccofoam  PSC 

8.6 

1. 02  thru  2.  1 

2  thru  5 

175 

Eccofoam  SHC 

8.6 

1.04 

1 

275* 

Eccofoam  SHC 

8.6 

1.  12 

3 

275* 

Eccofoam  SHC 

8.6 

1.25 

10 

275* 

Eccofoam  300LC 

8.6 

1.3 

20 

300+ 

Eccofoam  3G0LC 

8.6 

1.6 

30 

300+ 

Eccofoam  300LC 

8.6 

2.0 

60 

300+ 

Eccofoam  300LC 

8.  6 

2.  5 

100 

300+ 

Eccofoam  3C0Lc 

8.6 

3.0 

150 

300+ 

Eccofoam  H1K  625DC 

8.6 

2.5 

130 

400+ 

Eccofoam  H1K  6250" 

8.6 

3.6 

160 

400+ 

Eccofoam  H1K  625  Dc 

8.6 

3.5 

180 

400+ 

Eccofoam  HIK  625DC 

8.6 

4.0 

190 

400+ 

Eccofoam  HIK  6250° 

8.6 

5.0 

230 

400+ 

Eccofoam  HIK  625DC 

8.6 

6.0 

270 

400+ 

Eccofoam  HIK  625DC 
Eccofoam  SRC 

8.6 

7.0 

300 

400+ 

8.6 

1.3 

30 

jOO* 

Pol)  ethylene*** 

8.6 

2.  38 

1.6 

Slycaet  LoKc 

8  6 

1.8 

9 

,  *00* 

Eccoatock  HT3001C 

8.6 

2.2 

3 

500 1 

Eccoatock  CPEc 

8.  C 

2.4 

7 

350+ 

Slycaet  0005c 

8.6 

2.5 

5 

260+ 

Sty.  *»t  H1KC 

8.6 

3  thru  15 

20 

215 

Stycast  HIK  500FC 

8.6 

3  thru  25 

10  thru  25 

500 

) 


Footnote*:  *. 

b. 

c. 

d. 


General  Electric 
Kearfort 

Cinirien  li  Cuming,  Inc. 
Marie*  51/  Monsanto 


e  data  of  VonHtppel 
e*  granular  powdere 
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Several  other  considerations  may  also  enter  into  the  selection.  Very 
often  one  or  more  desirable  characteristics  will  have  to  be  neglected 
in  order  to  obtain  more  necessary  properties.  All  of  these  properties 
cannot  be  discussed  in  this  paper. 

An  approximate  high  temperature  at  which  the  material  will  retain 
physical  properties  is  listed  for  most  of  the  materials  in  Table  I. 
VonHippel^  shows  the  effect  of  temperature  on  the  dielectric  proper¬ 
ties  of  many  low-loss  materials.  For  most  low-loss  materials  the 
variation  of  dielectric  constant  with  temperature  is  much  Leas  at 
microwave  frequencies  than  at  lower  frequencies. 

B.  Lossy  Dielectrics 

The  study  of  lossy  dielectrics  is  much  more  complicated  than 
the  study  of  low-loss  dielectrics.  In  low-loss  dielectrics  the  goal  is 
usually  the  preparation  of  materials  of  given  dielectric  constants 
having  the  Lowest  possibLe  Loss  tangents.  With  lossy  dielectrics  the 
dielectric  constant  and  loss  tangent  are  interdependent  variables 
which  must  be  controlled.  It  may  be  required,  for  example,  to 
prepare  a  series  of  materials  with  a  given  dielectric  constant  and 
widely  different  loss  tangents.  Furthermore,  when  dielectric  prop¬ 
erties  of  a  low-loss  dielectric  are  known  at  a  given  frequency,  one 
can  be  fairLy  certain  that  these  properties  wilL  be  similar  over  quite 
a  range  of  frequencies.  The  dielectric  properties  of  lossy  dielec¬ 
trics  change  rather  rapidly  with  frequency.  This  can  be  observed 
from  the  data  on  Lossy  dielectric  liquids  listed  in  Table  II  and  the 
data  on  lossy  dielectric  solids  listed  in  Table  III. 

Lossy  dielectric  liquids  are  extremely  limited  in  their  use  since 
their  dielectric  properties  change  rapidly  with  temperature.  This 
effect  is  attributed  for  the  most  part  to  the  change  in  viscosity  of 
the  liquid  which  in  tarn  affects  the  ease  of  ro.ation  of  the  molecular 
dipoles.  Carbon-containing  solids  most  probably  achieve  their  loss 
tangents  from  resistance  to  movement  of  electrons  through  semi- 
conductive  chains.  For  this  reason  tne  effect  of  temperature  on  such 
solids  should  be  different  than  the  effect  on  liquids.  Temperature 
effects  on  lossy  dielectric  solids  should  be  studied. 

The  use  of  carbon  in  the  preparation  of  lossy  dielectric  solids  has 
definite  advantages.  Carbon  is  a  chemical  element.  It  would  appear 
therefore  to  be  a  simple  material  which  can  be  characterized  quite 
readily.  This  is  far  from  the  case.  As  every  schoolboy  knows  carbon 
is  available  in  three  forms:  diamond,  graphite  and  amorphous  carbon. 
But  even  this  is  a  great  simplification  where  electrical  properties  are 
concerned.  Individual  particles  of  different  industrial  carbons  have 
various  amorphous  carbon-graphite  proportions,  particle  sizes, 
particle  shapes  and  porosities.  Most  materials  sold  as  carbon  con¬ 
tain  significant  proportions  of  other  elements.  These  variables  and 
others  affect  the  electrical  properties  ot  carbon-containing  dielectrics. 
Although  the  wide  variety  of  available  carbons  tends  to  complicate  the 


TABLE  II  -  LOSSY  DIELECTRIC  LIQUIDS 


Material 

300  Me 

_ 3.  Q  Gc _ 

lO.OGc 

JtL 

tan  4 

_kl_ 

tan  4 

tan  d 

Ethanol* 

22.3 

0.  27 

6.5 

0.25 

1.7 

0.068 

n-  Propanol* 

16.0 

0.42 

3.7 

0.  67 

2.  3 

0.090 

Ethyl  polychloro¬ 
benzene* 

3.84 

0. 14 

2.7 

0.126 

2.55 

0.660 

Chloro  2,  5  dl- 

chlorobenzene* 

5.  18 

0. 11 

3.31 

0.324 

Arodor-1232  a<1 

3.  10 

0. 190 

2.75 

0. 103 

2.65 

0.059 

Pyr  anol- 1467^* 

3. 19 

0. 150 

2.84 

0.120 

2.62 

0.074 

c* 

Dichloropentanea  #40 

7.57 

0.084 

6.81 

0.1  *8 

Halowax  Oil  1000d* 

4.67 

0.05 

3.52 

0.25 

2.99 

0.190 

Ethylene  Glycol* 

39 

0.16 

12 

1.0 

7 

0.78 

n- Butanol* 

11.5 

0.  55 

3.5 

0.47 

Methanol* 

30.9 

0.08 

23.6 

0.64 

8.9 

0.81 

Aqueous  NaCl(.  3Motal)71 

2.4 

69.  3 

0.435 

52 

0.605 

Water* 

77.5 

0.016 

76.7 

0. 157 

55 

0.  540 

Footnote*:  *  data  of  VonHippel* 

a.  monochloroblphanyl 

b.  chlorinated  bensenea  and  diphanyla  --  General  Electric 

c.  Sharpie* 

d.  mixed  chloronaphthenea 
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TABLE  III  -  LOSSY  DIELECTRIC  SOLIDS 


300  Me 

3. 

0  Gc 

10.  0  Gc 

_ Material _ 

K' 

Tan  d 

K' 

Tan  d 

-JL'_ 

3.  32 

Tan  d 

Pyralin*4 

Catalin  500  Base* 

3.  74 

0.  165 

0.  131 

5.79 

0.  154 

4.77 

0.  125 

4.  43 

0.  130 

Plascon  Melamine  ^cellulose)*0 
Melmac  1077* 

5.  73 

0.  099 

4.93 

0.  103 

4.6 

0.  no 

4.8 

0.09 

4.  7 

0.  10 

Selenium  Multicrystals* 

11.  0 

0.  25 

10.  4 

0.  154 

7.  5 

0.  11 

Steak  Bottom  Round* 

50 

0.  78 

40 

0.  30 

30 

0.  40 

1. 

0  Gc 

3. 

0  Gc 

8. 

6  Gc 

__  _K'_ 

Tan  d 

K* 

Tan  d 

K* 

Tan  d 

Eccosorb  PMA** 

2.  7 

0.  14 

2.  5 

0.  10 

2.5 

0.  10 

Eccosorb  PMB** 

5.9 

0.  53 

4.6 

0.44 

3.8 

0.  33 

Thiokol  PRl*e 

20.  5 

0.  26 

17.  1 

0.23 

8.  4* 

0.  22+ 

Thiokol  ST*f 

17.  0 

0.  30 

14.6 

0.  36 

8.5+ 

0.40+ 

Polystyrene  70% "1  * 

Carbon  30%8  / 

11.  0 

o:  23 

9.  1 

0.  25 

8.  8+ 

0.  1 1  + 

Polystyrene  50%"l  * 

Carbon  50%8  J 

25.  9 

0.  73 

20.  8 

0.  56 

19.  4* 

0.  28+ 

Eccosorb  HF20S0** 

10.  0 

0.  1 

10.  0 

0.  1 

Eccosorb  HF  1000** 

15 

0.  2 

15.  0 

0.2 

Eccosorb  HF  853** 

40 

0.6 

20.0 

0.3 

Eccosorb  HF680** 

50 

0.8 

25 

0.4 

Eccosorb  HF  155** 

90 

1.  0 

30 

0.  5 

Eccosorb  VF** 

76.  0 

0.  60 

48.  5 

0.  76 

40.4 

0.  36 

Experimental  Material*** 


(a) 

Polyurethane  foams 
Sample  A 

(open  celled)  coated  with  carbon  films 

1.68  0.  56  1.  33  0.31 

1. 24 

0. 

22 

Sample  B 

1.90 

0.  96 

1.51 

0.  56 

1.  36 

0. 

39 

Sample  C 

2.  51 

0.  67 

1.89 

0.  50 

1.43 

0. 

40 

(b) 

Coated  loam  embedded  in  epoxy  resin 
Sample  D  4.  Zl 

0.  45 

3.64 

0.25 

3.29 

0. 

21 

(c) 

Moldings  containing 
Sample  E 

carbon  and  phenolic  resir 
8.95  0.36 

7.  18 

0.  27 

6.  34 

0. 

22 

Sample  F 

24.  8 

0.  82 

15.6 

0.  59 

12.2 

0. 

45 

Sample  G 

56 

1.  18 

23.  6 

1.  01 

14.6 

1. 

06 

(d) 

Carbon- loaded  ceramic  foams 

Sample  H  2.  08 

0.  020 

2.  1) 

0.  018 

2.  16 

0. 

033 

Sample  1 

3.  32 

0.  046 

2.98 

0.036 

2.  85 

0. 

059 

Sample  J 

7.  28 

0.  182 

6.  45 

0.  231 

5.65 

0. 

255 

Sample  K 

17.  02 

0.  938 

10.  58 

0.673 

9.97 

0. 

717 

“Cellulose  nitrate,  25%  Camphor,  DuPont 
^Cii  t«  1 1  n 

c  Libby- Owe  ns  -  Ford 

American  Cyanamid,  25%  alpha  pulp,  Zn  stearate 
“Thiokol,  100  pts.  polysulfide  copolymer  of  bis 
(chloroelhyl)  formal  and  ethylene  dichlonde, 

60  pts.  carbon  blacks 


Thiokol,  100  pt*.  polytulfide 
polymer  of  bl*  (chloroelhyl) 
formal,  60  pts.  carbon  blacks 
■Cabot's  19 
*VonHJppel  data* 

“’Emerson  L  Cuming,  Inc. 

*10  Cc  measurement 
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study  of  carbon-containing  dielectric,  this  same  variety  permits  the 
preparation  of  lossy  materials  having  greatly  differing  dielectric 
properties.  Most  of  the  solids  listed  in  Table  III  contain  a  form 
of  carbon. 


In  order  to  obtain  a  high  loss  tangent  at  a  reasonably  low  dielec¬ 
tric  constant  it  appears  to  be  necessary  to  have  semi-conductive 
chains  of  carbon  throughout  the  dielectric.  The  following  example 
may  illustrate  this: 

Sample  I  -  A  mixture  of  RTV  silicone  and  graphite 
containing  27.4  weight  per  cent  graphite  was  blended 
and  then  allowed  to  cure  at  room  temperature.  The 
cured  sample  had  the  following  dielectric  properties: 

Frequency  1.0  Gc  3,  0  Gc  8.  6  Gc 


K’ 

Tan  d 


14.8 

0.  090 


15.  5 
0.  050 


15.  1 
0.  067 


f  i 

i  | 

h 

f  | 

l  | 

]  i 

1  i 


The  specific  resistance  of  the  sample  was  over 
10°  ohm- cm. 


Sample  II  -  A  more  conductive  carbon  was  mixed 
with  granular  phenolic  molding  powder.  The  mixture 
which  contained  2.  4  weight  per  cent  carbon  was  molded 
into  a  disc  which  yielded  the  following  dielectric  prop¬ 
erties: 


Frequency  3.  0  Gc 


K' 

Tan  d 


10.  15 
0.  85 


8.6  Gc 

6-  70 
0.60 


The  sample  had  a  specific  resistance  of  258  ohm-cm. 

The  higher  loss  tangent  of  Sample  II  is  attributed  to  the  semi- 
conductive  chains  through  the  sample  which  are  demonstrated  by  its 
lower  specific  resistance. 

The  above  example  also  points  out  another  often  observed  phenom¬ 
enon.  Higher  loss  tangent  materials  usually  show  a  greater  change  of 
dielectric  properties  with  frequency  than  do  lower  loss  tangent  mate¬ 
rials. 

Open  cell  matrices  coated  with  carbon-rosin  films  are  interesting 
dielectrics.  Such  materials  often  yield  high  loss  tangents  and  low 
dielectric  constants.  For  example,  one  sample  of  carbon-resin 
coated  foam  had  a  dielectric  constant  of  1.40  and  a  loss  tangent  of 
1.  77  at  5.  6  Gc.  By  varying  the  cell  fize  of  such  foams  one  may 
prepare  materials  having  similar  diolectric  constants  and  widely 


i  4 


\4 


4u2 


izsttifama: 


■2/itr»T7iv?ta.v 


varying  Loss  tangents.  The  following  data  was  taken  at  11.3  Gc  from 
samples  having  similar  carbon-resin  films: 


Embedding  such  foams  in  Low-loss  dielectrics  results  in  materials 
with  increased  dielectric  constant  and  decreased  loss  tangent.  Vary¬ 
ing  the  carbon  film  in  3uch  a  composite  has  a  great  effect  on  the  loss 
tangent  and  a  small  effect  on  the  dielectric  constant.  Variation  of  the 
dielectric  constant  of  the  embedding  medium  has  the  .everse  effect. 

Using  the  techniques  described  above  and  others  it  is  possible  to 
prepare  materials  with  a  wide  range  of  dielectric  constants  and  loss 
tangents.  Actually  it  appears  possible  to  tailor-make  a  material  to 
a  given  dielectric  constant  and  loss  tangent  at  a  given  frequency.  A 
possible  exception  is  high-dielectric-constant  high-loss  materials. 
These  have  not  yet  been  thoroughly  studied. 

As  pointed  out  previously.  Lossy  materials  show  variation  of 
dieLectric  properties  with  frequency  (dispersion).  This  may  prove 
particularly  discouraging  in  the  modeling  of  absorptive  materials. 

A  given  lossy  dielectric  is  expected  to  have  far  different  properties 
at  the  modeling  frequency  than  at  the  frequency  of  final  use.  A  ma¬ 
terial  may  probabLy  be  prepared  which  has  the  same  dielectric 
properties  at  the  modeling  frequency  as  the  final-use  material  has 
at  the  use  frequency.  It  is  highly  unlikely,  however,  that  both  ma¬ 
terials  will  have  similar  variation  in  dielectric  properties  through 
their  respective  frequency  ranges.  For  this  reason,  it  will  most 
probably  be  necessary  to  prepare  several  models  to  permit  the  use 
of  modeling  techniques  over  a  frequency  range. 

A  program  which  may  lead  to  improved  control  of  the  variation 
of  dielectric  properties  of  lossy  materials  with  frequency  is  under 
way  at  Emerson  &  Cuming,  Inc. 

The  complicated  study  of  magnetic  dielectrics  is  considered 
beyond  the  scope  of  this  paper. 
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II.  MEASUREMENT  TECHNIQUES 

A.  Introductory 

It  is  the  purpose  of  this  section  of  this  paper  to  bring  the  reader 
up  to  date  on  some  recent  developments  in  the  art  of  measuring  micro- 
wave  dielectric  properties.  The  basic  methods  used  in  these  techniques, 
as  set  forth  in  References  such  as  1,  2,  and  3,  have  not  changed.  Recent 
developments  are  in  the  nature  of  refinements  and  development  of  tools 
for  more  rapid  data  reduction. 

Closed  system  microwave  dielectric  measurements  are  made  either 
in  a  shorted  transmission  line  (waveguide  or  coaxial)  or  cavity.  This 
paper  discusses  some  advances  in  data  reduction  for  the  shorted- wave¬ 
guide  dielectrometer. 

Free-space  microwave  dielectric  measurements  are  made  either 
with  interferometers  or  reflectometers.  This  paper  discusses  some 
refinements  in  interferometry  as  well  as  some  improvements  in  data 
reduction  for  interferometers. 

Before  entering  into  the  detailed  discussion  of  these  advances  in 
dielectrometer  and  interferometer  techniques,  a  few  general  observa¬ 
tions  about  their  relative  merits  are  in  order.  The  dielectrometer 
method,  being  a  closed  system,  is  the  more  accurate  of  the  two,  pro¬ 
vided  the  sample  fits  precisely  into  the  transmission  line,  and  is 
homogeneous.  On  the  other  hand,  with  care,  measurement  accuracy 
good  enough  for  most  applications  can  be  obtained  with  a  free-space 
interferometer.  In  addition,  with  the  interferometer,  the  problem  of 
sample  fit  is  eliminated  and  an  effective  or  average  answer  is  obtained 
in  a  more  sensible  fashion  for  the  non-homogeneous  sample,  because, 
in  contrast  with  reflection  measurements,  insertion  measurements 
give  the  same  result  regardless  of  which  face  of  the  sample  receives 
the  incident  energy.  Nor  should  it  be  overlooked  that  the  dielectrometer 
measurement  is,  in  most  cases,  a  destructive  test  because  of  the  neces¬ 
sity  of  having  a  small  sample,  whereas,  the  interferometer  permits 
measurements  to  be  made  non-destructively  on  the  slab  of  dielectric 
intended  for  the  required  application. 

Both  dielectrometer  and  interferometer  measurements  are  the 
substitution  type.  That  is  to  say  the  dielectric  sample  is  substituted 
for  a  standard,  usually  air,  during  the  measurement.  And,  the  meas¬ 
urements  consist  of  making  a  comparison  between  the  effect  of  the  die¬ 
lectric  sample  vs.  the  effect  of  the  standard  on  the  signal  being  detected, 
both  as  to  its  phase  and  amplitude.  With  the  dielectrometer,  the  phase 
and  loss  information  are  derived  from  the  standing  wave  pattern  and 
the  data  reduction  is  handled  as  an  impedance  -  propagation  constant 
problem.  With  the  interferometer  the  phase  and  loss  are  read  directly 
on  precision  phase  shifters  and  attenuators,  and  the  data  reduction  is 
handled  as  a  problem  in  the  geometric  optics  of  the  passage  of  a  plane 
wave  through  a  flat  sheet  of  infinite  area. 
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The  most  difficult  part  of  the  data  reduction  problem  in  both  cases 
involves  the  implicit  solution  of  a  transcendental  equation  involving 
complex  variables.  Since  the  explicit  solution  is  the  one  readily 
obtainable,  the  problem  is  overcome  in  both  cases  by  plotting  curves 
or  computing  tables  of  a  large  number  of  solutions  for  the  explicit 
case. 

At  this  point  it  is  appropriate  to  discuss  the  advances  in  dielec¬ 
trometer  and  interferometer  techniques  in  the  following  two  separate 
sections. 

B.  Dielectrometer 


Dielectrometer  measurements  have  for  many  years  been  burdened 
with  the  necessity  for  a  lengthy,  time-consuming  computation  program 
to  extract  the  dielectric  constant  and  loss  tangent  from  the  raw  data 
which  consisted  of  null  shift  and  width  of  a  standing-wave  minimum. 

For  the  low-loss  case  it  has  been  possible  by  certain  approximations 
and  by  plotting  a  few  additional  curves  to  shorten  this  computation. 

Some  laboratories  have  established  programs  for  computers  with 
which  it  is  possible  to  feed  the  raw  data  into  the  computer  with  the 
dielectric  constant  and  loss  tangent  becoming  the  computer  output. 

This  approach  has  the  disadvantage  of  requiring  the  scheduling  of 
computer  time. 

Because  of  the  number  of  parameters  involved  in  the  data  reduction, 
there  has  been  an  apparent  reluctance  to  plot  curves  or  prepare  tables 
which  permit  the  complete  conversion  directly  from  null  shift  and  null 
width  into  dielectric  constant  and  loss  tangent.  Rather,  the  transcen¬ 
dental-complex  number  part  of  the  conversion  has  been  narrowed  to 
use  of  tables  or  graphs  for  the  following  complex  functions: 


,  ,  tanh  z  ,  coth  z 

tanh  z, - and  - * 

z  z 

For  the  low-loss  case,  at  the  expense  of  losing  only  a  little  accuracy, 
the  complex  transcendental  functions  can  be  approximated  by  using  the 
real  functions 


tan  x  ,  cot  x 
-  and  - • 

x  x  ^  ^ 

One  advance  in  this  data  reduction  problem  is  the  establishment  at 
Emerson  &  Cuming,  Inc.  of  new  sets  of  tables  which  do  indeed  permit, 
for  non-magnetic  samples,  the  complete  direct  conversion  of  null 
shift  and  null  width  into  dieLectric  constant  and  loss  tangent  for  either 
the  short-circuit  or  open^circuit  case.  Figures  1  and  2  are  sample 
pages  respectively  from  these  tables. 
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An  interesting  development  in  this  work  was  that,  contrary  to  the 
expectations  of  many  engineers  faced  with  this  data  reduction  problem, 
the  actual  physical  magnitude  and  number  of  solutions  required  for 
excellent  versatility  in  the  tables  does  not  turn  out  to  be  at  all  prohib¬ 
itive.  As  shown  in  the  sample  pages,  the  sample  thickness  parameter, 
which  was  expected  to  be  the  most  troublesome,  was  disposed  of  simply 
by  always  pairing  two  tables  on  a  page  with  electrical  sample  thicknesses 
at  and  just  above  the  chosen  nominal  thickness.  This  permits  ready  in¬ 
terpolation  or  extrapolation  for  any  thickness  near  the  nominal  thickness. 
All  length  parameters  are  normalized  with  respect  to  wavelength,  thus 
universalizing  the  use  of  any  table  to  any  frequency,  although  the  appro¬ 
priate  physical  thickness  for  a  table  computed  for  a  given  electrical 
thickness  does  change  with  frequency.  The  primary  tables  are  for  the 
coaxial  case.  For  the  waveguide  case,  the  coaxial  tables  can  still  be 
used  provided  the  ratio  of  sample  thickness  to  waveguide  wavelength 
is  made  equal  to  the  thickness-to-wavelength  ratio  for  which  the  coaxial 
tables  were  computed.  In  this  case,  since  the  dielectric  constant  and 
loss  tangent  obtained  from  the  coaxial  tables  are  not  the  true  values, 
they  must  be  converted  into  the  true  values  by  use  of  a  second  table, 
a  sample  page  from  which  is  given  in  Figure  3. 

For  the  more  general  case,  where  the  sample  may  be  magnetic, 
and  where  the  conversion  involves  going  from  four  known  values  (the 
null  shift  and  width  for  both  open-  and  short-circuit  cases)  to  four 
unknown  values  (dielectric  constant,  dielectric  Iosb  tangent,  magnetic 
permeability,  and  magnetic  loss  tangent),  it  is  not  pdssible  to  do  the 
data  reduction  in  one  step.  Nevertheless,  there  has  been  established 
at  Emerson  &  Cuming,  Inc.  a  procedure  involving  the  use  of  four  uni¬ 
versal  tables  which  take  most  of  the  labor  out  of  the  conversion.  Fig- 
ureu  4,  5,  6,  and  7  are  sample  pages  from  each  of  these  tables  respec¬ 
tively.  Table  IV  is  *  lab.  sheet  which  directs  the  data  reduction. 

Desk  calculations  intermediate  between  look-up  in  one  table  and  use 
of  the  next  table  in  the  sequence  of  cperations  are  reduced  to  simple 
addition  and  subtraction.  The  tables  can  be  used  for  the  non- magnetic 
case  as  well  as  the  magnetic  case.  In  the  non-magnetic  case,  the 
number  of  tables  required  is  reduced  to  two.  It  is  estimated  that  the 
speed  of  data  reduction  by  use  of  this  scheme  for  lossy  samples, 
either  magnetic  or  non-magnetic,  is  increased  by  at  least  a  factor 
of  four  over  the  old  method  which  used  tanh  z  graphs. 


In  summary,  for  all  methods,  increased  accuracy  will  result  by 
use  of  tables  wherever  possible,  since  mathematical  manipulations 
are  reduced  to  simple  arithmetic  steps. 


C.  Interferometer 

Interferometer  measurements  have  for  many  years  been  limited 
to  determination  of  dielectric  constant  for  low-loss,  non-magnetic 
samples.  This  was  because  there  was  no  convenient  way  of  converting 
the  measured  insertion  loss  and  insertion  phase  delay  into  dielectric 
conetant  and  lor.s  tangent.  Within  the  past  year  this  obstacle  has  been 
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overcome  for  non-magnetic  materials.  The  solution  was  the  computa¬ 
tion  of  extensive  tables  of  insertion  loss  and  insertion  phase  vb.  die¬ 
lectric  constant,  loss  tangent,  incidence  angle,  thickness-to-wavelength 
ratio,  and  polarization.  Reference  5  describes  these  tables.  Figure  8 
is  a  sample  page  from  these  tables.  It  had  been  suspected  that  the 
insertion  loss  measurement  on  thin  flat  sheets  would  not  have  sufficient 
sensitivity  for  good  loss  tangent  determination.  Actually  it  turns  out 
that  for  lossy  materials  with  a  thickness  of  the  order  of  one-half  wave¬ 
length  the  loss  tangent  determination  is  a3  accurate  as  with  a  dielec¬ 
trometer.  For  low-loss  materials  with  the  same  thickness  the  meas¬ 
urement  accuracy  of  loss  tangent  is  not  as  good  as  on  the  dielectrometer 
and  is  +0.  001  or  +3%  whichever  is  greater. 

Encouraged  by  the  success  with  the  interferometer  measurements, 
attempts  were  made  to  extend  the  free  space  measurement  art  into 
other  variations.  Potentially,  there  are  several  measurable  reflec¬ 
tion-transmission  parameters  for  a  flat  sheet  in  free  space.  At 
normal  incidence,  they  are:  insertion  loss,  insertion  phase  delay, 
reflection  loss,  reflection  phase,  reflection  loss  with  the  sample 
metal-backed  and  reflection  phase  with  the  sample  metal-backed. 

If  oblique  incidence  is  considered,  such  as  45*  incidence  as  in  the 
interferometer  tables,  there  are  in  addition  four  other  parameters: 
insertion  loss  and  insertion  phase  delay  for  perpendicular  and  parallel 
polarization.  For  the  non-magnetic  case,  with  only  two  values,  die¬ 
lectric  constant  and  loss  tangent  to  be  determined,  it  should  be  suffi¬ 
cient  to  measure  any  two  of  the  ten  parameters  listed.  Eliminating 
parallel  polarization  at  45*.  because  it  does  not  place  the  electric 
field  in  the  plane  of  the  sample,  there  are  still  eight  potentially  meas¬ 
urable  parameters  from  which  any  pair  could  be  chosen.  Attempts  to 
deveiop  an  accurate  measurement  technique  for  free  Bpace  by  use  of 
these  concepts  are  proceeding,  but  have  not  succeeded  as  of  this 
writing  mainly  because  of  difficulties  in  making  accurate  reflection 
measurements  in  free  space.  To  date,  these  experiments  have  been 
limited  to  attempts  to  measure  reflected  power.  Possibly  better 
performance  will  be  achieved  with  reflection  phase. 

Extension  of  the  free- space  measurement  to  the  magnetic  case 
has  not  as  of  this  writing,  been  undertaken. 

Another  program  which  grew  out  of  the  initial  success  with  the 
interferometer  was  the  development  of  techniques  for  using  the  in¬ 
strument  to  check  non-destructively  the  degree  of  homogeneity  of  a 
flat  dielectric  sheet.  This  is  described  fully  in  Reference  4. 

These  measurements  were  all  made  at  45*  incidence  using  per¬ 
pendicular  polarization  to  keep  the  electric  field  in  the  plane  of  the 
sample.  The  new  variation  in  measurement  technique  developed 
was  the  capability  of  reducing  the  measurement  area  (inspection 
zone)  for  a  given  single  measurement  to  a  minimum.  The  minimum 
is  an  area  of  approximately  one  square  wavelength.  As  the  meas¬ 
urement  is  normally  made,  using  standard  15  db  gain  horns,  the 
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inspection  zone  is  approximately  16  square  wavelengths  in  area. 

The  technique  which  permitted  reduction  of  the  inspection  zone  to 
one  square  wavelength  was  the  use  of  special  small-aperture  horns 
with  a  minimum  of  spacing  between  them,  just  enough  to  permit 
insertion  of  the  sample  between  the  horns  at  45*  incidence.  The 
small  aperture  was  achieved  by  dielectric  loading  of  an  open-end 
waveguide,  thus  making  possible  an  aperture  which  was  about 
three-fourths  that  of  the  waveguide  cross  section.  At  8.6  Gc, 
for  example,  with  a  sample  one  foot  square,  it  was  possible  to 
layout  100  inspection  zones,  each  one  inch  square  with  a  one  inch 
uninspected  border  all  around  the  periphery.  This  border  was 
maintained  to  minimize  edge  effects.  In  addition,  to  further  mini¬ 
mize  edge  effects  guards  were  used  whenever  the  inspection  zone 
was  within  3  inches  of  the  edge  of  the  sample.  These  guards  con¬ 
sisted  of  dielectric  slabs  of  about  the  same  dielectric  constant  and 
thickness  as  the  sample  being  measured  and  were  placed  along  the 
edge  of  the  sample  to  be  guarded.  To  verify  the  accuracy  of  the 
interferometer  in  the  homogeneity  measurement,  10  samples  were 
cut  out  at  random  points  from  each  of  3  sample  slabs  and  measured 
in  a  shorted-waveguide  dielectrometer.  Correlation  within  2%  was 
maintained  between  the  interferometer  and  dielectrometer  dielectric- 
constant  measurements,  with  two-thirds  of  the  measurements  agree¬ 
ing  within  less  than  1%.  As  a  by-product  of  this  exercise  it  was 
established  that  a  homogeneity  level  of  less  than  3%  variation  in 
dielectric  constant  at  8.  6  Gc  can  be  held  in  loaded  plastics  at  the 
4  and  6  dielectric-constant  level.  In  the  corresponding  unloaded 
plastics,  at  a  2.  5  dielectric-constant  level,  the  variation  is  less 
than  1%.  Measurements  of  the  homogeneity  that  can  be  achieved 
in  glass  are  now  in  progress. 
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ABSTRACT 

Through  the  use  of  an  X-band  (9.4  Gc)  radar  with  a  pulse  width 
of  one  nanosecond,  pulse  broadening  and  Interference  effects  in  the 
reflected  electromagnetic  signal  have  been  studied.  This  paper  is 
concerned  with  scattering  from  targets  of  simple  configuration  such 
as  an  array  of  dipole  scatterers  as  well  as  a  metal  cylinder.  The 
backscatter  from  a  simplified  ionized  target  in  the  form  of  an 
extended  laminar-plasma  column  has  also  been  investigated  and  the 
measured  results  compared  with  calculations  based  on  a  homogeneous 
model  approximation.  The  initial  diagnosis  of  the  ionized 
constituents  of  a  turbulent  flame  has  been  completed  using  an 
electrostatic  ion  probe  and  a  microwave  electron  probe,  and  the  results 
are  presented. 

INTRODUCTION 

The  radar  data  from  field  measurements  programs  show  that  during 
the  altitude  regime  of  the  re-entry,  when  ionization  is  produced  about 
the  vehicle  in  the  form  of  a  plasma  sheath  and  plasma  trail,  the 
character  of  the  scattered  return  from  the  re-entry  vehicle  is 
considerably  different  from  that  expected  from  the  bare  body;  an 
enhancement  of  the  scattered  return  is  observed,  resulting  in  an 
appreciable  increase  in  the  received  signal.  During  this  period  of 
backscatter  cross-section  enhancement,  large  pulse-to-pulse  amplitude 
fluctuations  are  noticed  and  significant  pulse  broadening  of  individual 
received  pulses  is  observed.^- 

In  succeeding  sections,  an  experimental  laboratory  electromagnetic 
scattering  program  will  be  discussed.  The  program  examined  X-band 
pulses  of  nanosecond  width  reflected  from  a  variety  of  scattering 
targets  to  aid  in  the  explanation  of  the  characteristics  of  radar 
backscatter  observed  in  field  measurement  programs.  The  targets 
consisted  of  dipole  arrays  in  free  space  and  in  dielectric  rods. 

By  adjusting  the  number  and  spacing  of  scattering  elements,  any  degree 
of  interference  can  be  achieved  . 


The  work  reported  in  this  paper  was  supported  by  the  Advanced 
Research  Projects  Agency,  under  Contract  SD-103  under  ARPA  Order 
No.  281-62. 
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The  scatter  from  columns,  both  metallic  and  ionized  shall  next 
be  considered.  The  Ionized  laminar  column  was  first  diagnosed  using 
Langmuir  probes  and  microwave  transmission  measurements.  The  X-band 
scattering  measurements  shall  then  be  compared  with  calculations 
based  on  a  homogeneous  model  approximation. 

Finally,  the  initial  diagnosis  of  the  ionized  constituents  of  a 
turbulent  flame  shall  be  discussed  and  the  results  presented. 

SCATTERING  FROM  EXTENDED  TARGETS 


Interference  is  a  well  known  phenomenon  that  is  manifested  through¬ 
out  the  electromagnetic  spectrum.  For  example,  in  optics  when  two 
objects  are  brought  close  together,  their  images  overlap  and  inter¬ 
fere,  producing  light  and  dark  rings.  Similarly,  if  two  scatterers 
of  pulsed  microwave  energy  are  brought  close  enough  together,  the 
scattered  pulses  will  overlap  and  interfere.  The  "resolving  power" 
of  the  microwave  pulse  is  determined  by  the  pulse  length  and  the 
group  velocity  of  the  pulse  in  the  ambient  medium.  For  example,  if 
a  millimicrosecond-long,  square  pulse  is  propagating  in  free  space, 
then  the  energy  of  such  a  pulse  is  spatially  distributed  over  a  width 
of  30  cm  =  (3  x  10*®  cm/sec)(10“®  sec),  where  3  x  10*®  cm/sec  represents 
the  group  velocity  in  free  space.  As  a  consequence,  if  two  scatterers 
are  separated  by  some  distance  less  than  15  cm,  the  scattered  pulses 
overlap  and  the  resultant  pulse  will  have  an  interference  pattern  and 
an  extended  length.  Let  an  electromagnetic  pulse  jt(t)  propagating 
in  the  positive-x  direction  be  Incident  on  an  extended  radar  target. 

The  axis  of  the  target  is  the  x  axis,  and  the  electromagnetic 
backscatter  cross  section  as  a  function  of  axial  distance  is  o(x). 

Define  the  backscattered  radar  signal  to  be  f(t).  In  general  a(x) 
and  f(t)  represent  voltage  functions  that  contain  amplitude  and  phase 


information , 

and  f(t)  is  given  by 

f(t)  =  J  [c(x)e"2'1Px]n  ( 

-GO 

where  f(t) 

a(x) 

.  loOdl^900 

u 

=  Group  velocity  of  pulse  with 

dx 


(1) 


b  =  Propagation  constant  along  target 


Equation  (1)  indicates  that  the  observed  signal  (amplitude  and  phase)  is 
the  convolution  of  the  target  cross  section  [ inclusive  of  the  plase 
factor,  exp(-2jPx]  with  the  incident  pulse. 


Scatter  From  Dipole  Arrays 

One  of  the  simplest  target  configurations  is  that  of  an  array  of 
dipoles  in  free  space.  For  simplicity,  let  O(x)  represent  the  back- 
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scatter  cross  section  of  an  array  of  two  dipoles  separated  by  a 
distance  d ,  i  .e  . , 


a(x)  =  aQ6(x)  +  aQ 6(x  -  d) 


(2) 


where  6(x)  is  the  Dirac  6-function.  The  geometry  of  this  configuration 
is  shown  in  Fig.  1.  The  dipoles  are  arrayed  along  the  x  axis.  The 
incoming  pulse  n(t)  is  propagating  in  the  posit ive-x  direction  and  the 
backscattered  signal  f(t)  is  triangular  in  amplitude  and  uniform  in 
phase;  then 


«(t )  = 


?MI 

-?(*-*) 


*<-s 


-  -  <  t  <  o 
2 


0  <  t  <  ^ 


2  <  1 


(3) 


Using  Eq .  (1)  and  observing,  in  free-space,  that  u  =  c,  the  velocity 
of  light 


00 

f(t)  =  J  [aQ6 (x)  +  ctq6(x  -d)]e^2^xn|t  ”^r) 


dx 


Substituting  for  n(t  -  2x/c)  and  carrying  out  the  integration, 


f(t) 


V(t) 


+  V 


2d  j  g-2jPd 


(4) 


If  d  >  ct/2,  then  f(t)  is  simply  two  triangular  pulses  with  a 
peak-to-peak  separation  of  (2d/c)  seconds.  When  d  <  ct/2,  the  two 
pulses  Interfere  and  the  pulse  amplitude  as  a  function  of  time  depends 
on  0d,  the  relative  phase  between  the  scatterers.  Two  of  the  possible 
configurations  for  f(t)  are  shown  in  Fig.  1  for  the  condition  d  <  ct/2 
and  for  (23d),  an  odd  or  even  multiple  of  n  radians.  The  total  pulse 
width  is  consequently  greater  than  the  transmitted  pulse  width  by 
(2d/c)  seconds.  The  first  <2d/c)  seconds  of  the  return  pulse  represents 
scatter  from  the  first  dipole,  and  the  final  (2d/c)  seconds  represents 
scatter  from  the  second  dipole  alone.  In  the  overlap  region  or  the 
center  portion,  the  amplitude  represents  the  vector  sum  of  the  scatter 
from  both  dipoles. 


To  demonstrate  these  simple  concepts  of  pulse  stretching,  the 
scatter  from  an  array  of  dipoles  in  free-space  and  in  a  dielectric 
rod  was  measured. 
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Figure  1  Received  Pulse  Amplitude  From  Two  Discrete  Scatterers 

(Theoretical) . 
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Figure  2  is  a  photograph  of  the  scattering  range  employed  in  the 
measurements  described  in  the  following  sections.  In  this  photograph 
the  horns  are  mounted  on  an  "h”  frame  (horizontal  in  the  photograph), 
which  is  pivoted  at  the  sides  of  the  chamber.  The  calibration  sphere 
shown  is  located  at  a  distance  of  28  inches  from  the  horns  and  in  line 
with  the  horns.  With  this  arrangement,  the  angle  of  incidence  between 
the  central  ray  of  the  antenna  pattern  and  a  vertical  plane  through  the 
array  can  be  varied  through  +25  degrees  . 

Also  visible  in  Fig.  2  is  absorbing  material  (developed  by 
Goodrich  and  designated  as  Type  VHP)  mounted  in  the  rear  of  the  chamber, 
on  portions  of  the  top  and  bottom  of  the  chamber  and  on  the  door,  to 
reduce  the  extraneous  background  scattered  signals  in  those  regions 
which  are  within  the  resolution  cell  of  the  scattering  object;  Hairflex 
absorbing  material  (developed  by  Emerson  &  Cuming)  is  also  wrapped 
around  the  interior  waveguide  circuitry  to  eliminate  stray  radiation. 

In  order  to  observe  pulse-width  broadening  of  the  returns  from  the 
targets  produced  in  the  laboratory,  a  nanosecond-(10~®  seconds)  pulse- 
width,  X-band  (9.4  Gc)  radar  was  assembled.  With  a  transmitted  pulse 
width  of  one  nanosecond,  a  range  resolution  of  6  inches  is  obtained. 

Since  the  radar  will  be  used  to  examine  scattering  from  a  thermal 
plasma  produced  in  a  low-pressure  chamber  shown  in  Fig.  2  and  described 
later  in  the  paper,  the  scattering  range  was  assembled  inside  this 
chamber.  The  short  pulse  will  enable  separation  of  tie  desired 
scattering  from  the  target  situated  inside  the  chamber  from  the  extraneous 
background  scattering  signals  produced  by  reflections  within  the  chamber. 

The  technique  employed  to  generate  the  pulse  is  the  same  as  that 
used  by  Convair  in  their  short-pulse  transmission  system.2  A  block 
diagram  of  the  nanosecond-pulse  radar  appears  as  Fig.  3.  With  this 
instrumentation,  the  pulse  generated  is  triangular  in  shape  with  a 
peak  output  of  about  1000  watts.  The  pulse  rises  to  its  peak  amplitude 
in  slightly  more  than  1.5  nanoseconds,  has  a  base  width  of  3  nanoseconds, 
and  a  half-power  width  of  one  nanosecond. 

On  the  range,  cross  sections  as  low  as  0.8  cm^  (8  x  10“^  square 
meters)  can  be  measured  at  28  inches  from  the  antennas  with  a  6  db 
ratio  of  desired  scattered  signals  to  extraneous  background  scattered 
signa 1 s . 

An  array  consisting  of  a  0.66-inch  (0.52-wavelength)  dipole 
scatterer  and  0.63-inch  (0.50-wavelength)  dipole  scatterer  was 
positioned  in  the  range  and  adjusted  for  constructive,  quadrature,  and 
destructive  phase  addition  between  the  two  scatterers.  The  results 
are  shown  in  Fig.  4.  The  correlation  of  the  calculated  and  experimental 
results  for  the  quadrature  and  in-phase  conditions  is  very  good,  espec¬ 
ially  in  regard  to  the  over-all  pulse  length.  The  extended  width  of 
the  out-of-phase  waveform  is  attributed  to  scatter  from  the  array  that 
specularly  scatters  from  the  walls  of  the  chamber  into  the  receiving 
horn.  The  multipath  scatter  becomes  apparent  only  for  arrays  with 
small  cross  section.  There-  is  some  time  resolution  of  the  multiple 
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Figure  3  Block  Diagrams  of  Nano9econd-Pulse-Width-Radar - 


scatter  in  that  the  path  length  of  this  ray  is  greater  than  that  of 
the  direct  ray,  so  that  the  stretching  of  the  pulse  occurs  on  the 
trailing  edge.  The  correlation  of  the  peaks  and  central  null  of  the 
experimental  and  calculated  waveforms  in  the  out-of-phase  condition 
is  quite  good . 

In  Fig.  4  the  ordinate  is  linear  in  power  and  each  abscissa 
division  corresponds  to  1  nanosecond;  therefore,  a  sampling  point 
occurs  every  0.01  nsec.  The  db  ratings  in  the  upper  corners  of  the 
oscilloscope  pictures  refer  the  indicated  signal  amplitude  to  the 
backscattered  signal  from  a  4-lnch-diameter  metal  sphere  at  a  range  of 
28  inches  from  the  transceiving  horns.  At  0.375  Gc,  the  sphere  cross 
section  is  74.5  cm^ . 

Before  examining  the  results  of  the  backscatter  measurements  from 
a  dielectric  rod,  let  us  briefly  consider  the  nature  of  wave  propagation 
along  the  rod.  Hie  dielectric  rod  is  one  of  a  class  of  structures 
capable  of  guiding  an  electromagnetic  wave.  The  rod  can  support  a 
propagating  mode  that  is  intimately  bound  to  its  surface.  The  field 
is  characterized  by  an  exponential  decay  away  from  the  surface  and 
has  the  usual  propagation  function  e“J^z  along  the  axis.  For  this 
reason,  the  solution  to  the  wave  equation  is  called  a  surface  wave  and 
the  rod  may  be  called  a  surface  waveguide.  At  discontinuities  in  rod 
configuration,  radiation  takes  place.  The  tendency  toward  radiation  in 
a  dielectric  rod  is  turned  to  advantage  when  the  rod  is  used  as  an  end- 
fire  antenna. 

The  mechanism  of  backscatter  for  the  surface  mode  oi  the  dielectric 
rod  is  described  by  the  following  sequence.  A  fraction  of  energy  from 
the  Incident  plane  wave  is  coupled  into  the  surface-wave  mode  and  then 
propagates  down  the  rod  unattenuated  (lossless  dielectric  rod).  The 
amount  of  coupling  to  the  rod  is  proportional  to  the  gain  of  the  rod 
as  an  antenna ,  which  is  in  turn  dependent  on  the  rod  length .  At  the 
far  end  of  the  rod,  a  fraction  of  the  incident  surface-wave  energy  is 
reflected  as  a  surface  wave,  and  a  fraction  is  transmitted  as  radiation. 
When  the  reflected  wave  is  incident  on  the  near  end  of  the  rod,  a 
fraction  is  again  radiated. 

The  backscatter  signal  detected  by  the  nanosecond  radar  from  a 
12 .6-lnch-long ,  0 . 5-inch -diameter  polyrod  whose  axis  is  rotated  10°  with 
respect  to  the  direction  of  propagation  of  incident  energy  is  shown  in 
Fig.  5.  In  this  and  succeeding  polyrod  measurements,  the  ends  of  the 
rod  have  been  partially  metallized  to  enhance  the  over-all  backscatter 
signal  as  well  as  to  enhance  the  direct  scatter  from  the  end  relative 
to  the  surface-wave  scatter.  Hie  first  (left)  pulse  of  Fig.  5  represents 
scatter  from  the  end  of  the  polyrod  and  the  second  (right)  pulse  indi¬ 
cates  surface-wave  scatter.  The  peak-to-peak  separation  is  3  nanoseconds, 
corresponding  to  an  18- inch  free-space  separation  of  scatterers.  The 
actual  physical  separation  is  12.6  inches.  Consequently  the  group 
velocity  along  the  rod  is  approximately  two-thirds  the  speed  of  light, 
which  ir  in  agreement  with  the  thwretical  calculations. 
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Figure  5  Scattered  Return  From  a  Smooth  Dielectric  Cylinder 
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In  a  final  sequence  of  measurements,  the  scatter  from  a  lucite 
rod  loaded  with  dipoles  was  measured.  The  sequence  of  backscattered 
energy  from  the  dipole-loaded  rod  is  shown  in  Fig.  6.  In  Figs.  6(a) 
and  6(b)  the  calibration  pulse  and  the  scatter  from  the  unloaded  rod 
is  shown.  In  Fig.  6(c),  the  scatter  from  the  rod  plus  a  0.29-inch 
dipole  3.495  inches  (three  surface-wave  wavelengths)  from  the  near  end 
is  shown.  Since  the  dipole  scatter  is  in  phase  with  that  from  the 
near  end,  the  initial  pulse  scatter  is  enhanced.  Figure  6(d)  shows  the 
backscatter  from  a  configuration  similar  to  the  previous  case  but 
where  the  dipole  scatter  is  out  of  phase  wits  respect  to  the  Initial 
pulse,  thereby  almost  cancelling  this  ini(  catter.  In  Figs.  6(e) 

and  6(f)  a  0.40-lnch  dipole  was  added  so  ;  scatter  in  phase  with 

the  initial  direct  scatter,  and  the  0.29-in-  dipole  was  adjusted  for 
the  in-phase  and  the  out-of -phase  conditions.  This  sequence  was 
repeated  in  Figs.  6(g)  and  6(h)  for  different  locations  of  the  two 
dipoles . 

Scatter  From  a  Metal  Cylinder 

The  next  extended  scattering  target  to  be  considered  was  a  long 
metallic  cylinder.  Due  to  the  wide  illumination  of  the  cylinder  by 
the  transmitting  antenna  inside  the  low-pressure  vessel,  which  is  used 
as  the  scattering  range,  the  receiving  antenna  is  not  in  the  far  zone 
of  the  scattering  column  (R  <  2L2/X. ,  where  R  is  range,  L  is  the  length 
of  the  column  illuminated  by  the  transmitting  antenna,  andf  A  is  the 
wavelength).  As  a  result,  the  scatterer  isilluminated  with  a  phase 
variation  that  lags  the  phase  at  the  point  on  the  column  that  is  the 
shortest  distance  from  the  antenna  (referred  to  as  the  specular  point). 

Since  the  receiving  antenna  is  in  the  Fresnel  region  of  the 
scatterer  and  the  illumination  of  the  specular  region  by  both  antennas 
varies  with  incidence  angle  tne  backscatter  cross  section  will  be 
modified.  Calculations  for  the  backscatter  cross  section  of  a  metallic 
cylinder  for  2na/A  »  1  (where  a  is  the  radius)  Including  the  phase 
curvature,  antenna  pattern  and  illumination  by  the  short  pulse  were 
made  using  the  expressions  given  in  Reference  3.  The  resulting  cross 
section  for  a  1-1/2  inch  radius  metallic  cylinder  relative  to  the 
calculated  cross  section  of  a  2-inch  radius  calibration  sphere  is 
plotted  in  Fig.  7.  Also  shown  in  this  figure  are  the  experimental  re¬ 
sults  obtained  from  this  type  of  cylinder  placed  in  the  chamber.  As 
seen  by  the  figure,  the  scattering  measurements  agree  to  within  1  db  of 
the  calculated  backscatter  results  for  all  values  of  angle  of  incidence 
(the  angle  between  the  central  ray  of  the  antenna  pattern  and  the  column 
axis),  a,  chosen. 

The  level  of  the  broadened  portion  of  the  backscattered  return 
from  an  extended  laminar  target  is  greater  than  10  db  below  the  level 
of  the  portion  from  the  specular  region.  However,  the  dynamic  range 
of  the  sampling  oscilloscope  is  only  about  6  db.  Hence  to  observe  the 
pulse  width  broadening  from  a  long  metallic  cylinder  the  specular  region 
was  shadowed  and  measured  experimentally  with  the  nanosecond  pulse  width 
radar  inside  the  low-pressure  chamber.  The  resultant  theoretical  return 
not  including  the  finite  bandwidth  of  the  receiver  is  plotted  in  Fig.  8. 
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Figure  6  Scattered  Return  From  A  Dielectric  Cylinder  Loaded 
tt'ith  Dipoles. 
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CYLINDER  BACKSCATTER  CROSS- SECTION  RELATIVE  TO  2m  RADIUS  SPHERE 
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Figure  7 


Backscatter  Cross  Section  From  An  Extended  Target. 
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At  t  =0,  the  leading  edge  of  the  transmitted  pulse  is  coincident 
with  the  edge  of  the  shadowed  region.  When  the  pulse  completely  illum¬ 
inates  the  first  higher  ordei  Fresnel  zone  (t  ■=  0.05  nsec)  a  peak  in 
the  return  is  observed  and  when  the  first  and  second  zones  are  illuminated 
(t  =  0.1  nsec)  the  return  decreases  by  about  15  db  since  the  amplitude 
of  the  scattering  from  the  second  zone  is  almost  equal  to  that  of  the 
first  zone  but  180  degrees  out  of  phase  with  it.  Since  the  phase  of 
the  scattered  contribution  from  adjacent  zones  differs  by  n  radians, 
the  backscattered  return  will  be  a  maxima  when  an  odd  number  of  zones 
are  illuminated  and  a  minima  when  an  even  number  are  illuminated. 

However,  since  the  amplitude  of  the  contribution  from  the  highest  order 
Fresnel  zones  decreases  as  we  move  away  from  the  specular  region,  the 
cross  section  reaches  an  asymptotic  value,  when  the  pulse  fully 
illuminates  the  cylinder,  of  about  10  db  below  the  specular  return. 


After  times  greater  than  r,  the  pulse  is  no  longer  spread  over  the 
whole  cylinder,  but  rather  the  illumination  gradually  moves  towards 
the  uppermost  portion  of  the  cylinder.  As  successive  higher-order  zones 
are  no  longer  illuminated,  the  cross  section  also  begins  decreasing 
with  an  oscillatory  behavior.  When  the  contribution  from  the  zone 
closest  to  the  specular  region  is  not  received,  the  cross  section  dips 
slightly  since  it  is  only  a  small  fraction  of  the  total  region  now 
illuminated.  However,  as  contributions  from  the  additional  higher- 
order  zones  are  not  received  the  oscillatory  behavior  of  the  cross 
section  becomes  more  pronounced  since  the  backscattered  energy  from 
the  recent  shadowed  zone  is  becoming  a  larger  fraction  of  the  total 
contribution.  This  continues  until  time 


T  + 


o  2 

(Zmax  ~  V 
c(Rq  sin  a) 


when  the  trailing  edge  of  the  pulse  is  coincident  with  the  top  of  the 
cylinder;  R„  sin  a  is  the  range  to  the  specular  point,  is  the 

length  of  the  cylinder  from  the  specular  point,  Zq  is  the  half  length 
of  the  principal  Fresnel  zone  and  c  is  the  speed  of  light.  In  the 
calculations,  the  cylinder  length  Zq  +  z^^,  was  chosen  as  22  inches. 

The  effect  of  changing  the  cylinder  length  compresses  the  time  scale 
between  time  i  and  the  time  at  which  the  pulse  no  longer  illuminates 
the  cylinder.  The  effect  of  including  a  finite  receiver  bandwidth  into 
the  calculations  would  be  to  smooth  out  the  oscillatory  behavior  of  the 
theoretical  waveform  by  damping  the  frequency  components  greater  than 
the  receiver  bandwidth.  From  Fig.  8  we  see  that  the  mean  level  of  the 
broadened  portion  of  the  return  varies  from  approximately  10  to  20  db 
below  the  specular  returns.  Hence,  the  sensitivity  of  the  receiver 
will  determine  the  observable  amount  of  pulse-width  broadening. 

In  the  laboratory,  the  specular  region  of  a  1-1/2-inch-radius 
metallic  cylinder  was  covered  with  microwave  absorbing  material  so 
that  the  same  conditions  as  in  the  calculations  were  met.  The  results 
obtained  using  the  nanosecond-pulse-width  radar  described  previously 
are  shown  in  Fig.  8;  to  determine  the  extent  of  the  pulse  broadening, 
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the  received  return  pulses  from  the  cylinder  were  compared  with  those 
obtained  from  the  calibration  sphere.  Even  though  theoretical  results 
do  not  take  into  account  the  frequency  response  of  the  receiver  or  the 
triangular  shape  of  the  transmitted  pulse,  the  correlation  of  the 
levels  of  the  experimental  and  calculated  waveforms  is  quite  good. 

From  the  experimental  scattering  measurements,  it  is  seen  that  the  peak 
level  of  the  return  was  7.5  db  below  the  measured  specular  return  of  the 
metallic  cylinder  when  the  principal  Fresnel  zone  was  not  shadowed. 

The  broadened  portion  of  the  return  dropped  off  somewhat  faster  than 
the  calculations  indicate;  due  to  background  scattering  within  the 
chamber,  we  were  only  able  to  observe  a  pulse  broadening  of  0.6 
nanoseconds.  These  discrepancies  may  be  due  in  part  to  the  fact  that 
the  calculations  do  not  take  into  account  the  variation  in  the  angle 
of  arrival  of  the  rays  of  the  pattern  incident  on  the  cylinder,  but 
rather  assumes  that  they  are  all  perpendicular  to  the  axis.  For  the 
conditions  chosen,  the  angle  of  arrival  varies  from  about  80°  for  the 
ray  that  intersects  the  edge  of  the  principal  Fresnel  zone  down  to 
about  55°  for  the  ray  that  intersects  the  edge  of  the  cylinder.  As 
a  result,  we  might  expect  an  additional  reduction  in  the  contributions 
from  the  higher-order  zones  furthest  away  from  the  specular  point. 
Therefore,  the  peak  level  of  the  return  should  be  closer  to  the  initial 
level  of  the  pulse  or  closer  to  the  specular  level  and  the  effective 
length  of  the  scatterer  should  be  decreased  or  i.e.,  the  broadened 
portion  should  drop  off  more  rapidly. 

Scattering  From  Plasma  Columns 


The  final  scattering  configuration  to  be  considered  is  the  plasma 
column.  The  first  such  column  to  be  considered  is  the  laminar-plasma 
column.  Si^ce  scattering  from  this  column  has  been  treated  in  the 
literature,  the  experimental  results  can  be  compared  with  the 
theoretical  calculations  to  demonstrate  the  capabilities  of  the  plasma 
diagnostic  techniques.  The  second  plasma  column  is  the  turbulent 
column  on  which  only  the  preliminary  diagnostic  results  can  be  reported. 

Laminar  Columns 


The  experimental  technique  used  to  obtain  an  extended  ionized 
column,  from  which  scattering  measurements  could  be  made,  was  to  form 
a  thermally  generated  plasma  by  burning  premixed  ethylene-oxygen  in 
the  low-pressure  vessel.  The  gas  equipment  is  depicted  in  Fig.  9.  The 
burner  consists  of  six  aluminum  rings  1/2-inch  high  by  5-1/2  Inches  OD 
by  4-1/2  Inches  ID,  between  each  of  which  is  inserted  a  fine  mesh 
stainless  steel  screen  to  diffuse  the  gases  so  that  at  the  burner  top 
a  uniform  velocity  exists  across  the  burner  surface.  Flames  can  be 
sustained  within  the  chamber  over  a  5-to-40  mmHg  pressure  range. 

Since  the  electron  density  concentration  produced  by  the  flame  would 
make  the  column  below  critical  (plasma  frequency,  f  ,  less  than  the 
radio  frequency,  f,  where  f  =  9  x  10^  sf N  and  N  is  ?he  concentration 
in  el/cc)  at  the  illuminating  frequency  of  9.4  Gc,  the  flame  was 
seeded  with  potassium  chloride  (KC1). 
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The  diagnostic  tools  used  to  determine  the  electromagnetic 
properties  of  the  thermally  generated  plasma  are  a  microwave  bridge 
and  an  unbalanced  electrostatic  ion  probe.  The  microwave  bridge 
determines  the  attenuation  and  phase  shift  o',  a  microwave  signal 
transmitted  through  the  partially  ionized  hot  gases  in  the  flame 
from  which  the  average  electron  density  and  collision  frequency,  j , 
along  the  transmission  path  can  be  determined.  Since  the  desired 
electron  concentration  in  the  flame  is  on  the  orr’?r  of  1"^  ei/cc 
or  greater  for  a  column  thickness  of  approximately  10  cm,  the 
diagnostic  measurements  were  carried  out  at  frequencies  in  the  K-band 
(18.0  to  26.0  Gc)  region. 

The  bridge  is  formed  with  the  signal  transmitted  through  the 
flame  as  one  leg  and  through  a  waveguide  network  comprising  o  precision 
attenuator  and  phase  shifter  as  the  other.  Since  similar  diagnostic 
measurements  with  dielectric  rods  have  shown  the  validity  of  the  plane- 
wave  assumptions,  we  use  the  phase  shift  and  att*  '>tlon  of  the 
microwave  signal  through  the  flame  and  the  expres,ions  for  the  phase 
constant  and  attenuation  constant  of  a  pi? ne  wave  propagating  through 
a  homogeneous  ionized  plasma  to  determine  average  angular  plasma 
frequency  and  collision  frequency  of  the  flai..e. 

The  electrostatic  coaxial  probe  measures  the  positive  ion 
saturation  current  collected  when  it  is  immersed  in  the  plasma  column 
with  the  inner  electrode  charged  with  respect  to  the  outer  electrode. 

The  collecting  surface  of  the  probe  for  the  positive  ions  is 
made  of  0.010-inch  diameter  iridium  wire  0.250  inch  long,  while  the 
surface  for  collecting  the  electrons  is  made  of  tantalum  tubing  0.250 
inch  long.  A  piece  of  alumina  tubing  is  used  both  as  a  dielectric 
spacer  between  the  iridium  wire  and  the  tantalum  tubing  and  as  a 
dielectric  sleeve  around  the  tantalum  tubing.  All  of  these  materials 
are  required  for  the  probe  to  withstand  the  high  temperature  (2000°K) 
and  caustic  environment  of  the  seeded  flame.  If  the  probe  radius  is 
larger  than  several  Debye  lengths  and  small  compared  with  the  ion-mean- 
free  path,  the  current  arriving  at  the  probe  is  given  by** 

1/2 

i  =  0.4  An  e(2k  T  /M  )  (5) 

+  +  e  + 


where  A  is  the  inner  probe  electrode  area,  n+  is  the  ioh  density,  e  is 
the  charge  of  an  electron,  k  is  Boltzmann's  constant,  Te  is  the  electron 
temperature,  and  M+  is  the  ion  mass.  A  more  complete  discussion  of 
probe  measurements  is  given  by  Taylor.® 


Tills  method  of  measuring  the  electron  density  requires  an 
independent  measurement  or  estimate  of  the  electron  temperature.  The 
temperature  of  the  gases  above  the  flame  was  measured  using  the  sodium 
line  revei’sal  technique."^ 


The  diagnostic  measurements  carried  out  within  the  low-pressure 
chamber  were  taken  at  a  pressure  of  15  mmHg .  The  radial  electron 
density  concentration  was  measured  with  the  ion  probe  at  distances  of 
3,  8,  14,  20,  and  26  inches  from  the  burner  surface,  while  at  20  inches 
the  average  collision  frequency  and  electron  density  was  measured  with 
the  microwave  bridge.  From  previous  measurements  the  electron 
temperature  was  estimated  at  2000°K. 

The  axial  electron  density  variation  as  measured  by  the  probe 
and  the  corresponding  current  drawn  with  a  bias  of  -45  volts  and  a 
load  resistor  of  1000  ohms  are  shown  in  Fig.  10,  while  the  normalized 
radial  density  variation  is  shown  in  Fig.  11.  These  plots  were  obtained 
by  drawing  smooth  curves  through  the  measured  data  points.  From  these 
figures,  it  can  be  shown  that  for  z  (the  axial  distance  above  the 
burner)  between  8  and  20  inches,  the  electron  density  varies  approx¬ 
imately  as 


N(r.z) 


2.5 


x  10 


13 


cos 


nr 

D 


(z/D)+4  .8 
j  exp 


z 

To 


el/cc , 


where  r  is  the  radial  distance  in  inches  and  D  is  approximately  6  inches. 

With  this  variation  the  column  for  distances  above  the  burner 
z,  between  4  and  22  inches  appears  cy lindrically  stratified  for  electron 
densities  up  to  the  critical  density  Nc  [Nc  equals  (f/9)  x  lO1^  el/cc 
for  f,  the  frequency  in  Gc  ] .  For  z  between  6  and  16  inches,  the 
stratifications  extend  up  to  2  Nc .  In  these  portions  of  the  column, 
the  radial  separation  between  each  of  these  three  contours  of  0.5  Nc , 

1.0  Nc>  and  2.0  Nc  is  approximately  a  quarter  wavelength  at  9.4  Gc . 

The  average  collision  frequency  i>c  and  electron  density  measured 
by  the  microwave  bridge  for  z  of  20  inches  at  a  pressure  of  15  mmHg  was 
2  x  10*c  sec-1  and  2 .7  x  10^  el/cc,  respectively.  With  this  value  of 
collision  frequency,  v/uu  =0.3  for  the  X-band  nanosecond  radar.  This 
rather  high  value  of  collision  frequency  results  from  the  fact  that 
for  the  temperature  encountered  in  the  flame  the  collision  frequency 
is  probably  largely  determined  by  collisions  between  electrons  and 
water  molecules,  since  in  this  energy  range  the  collision  cross  section 
for  water  is  much  larger  than  the  other  combustion  products. 

The  axial  electron  density  as  measured  by  the  probe  is  about  10% 
higher  than  the  average  value  of  electron  density  as  measured  by  the 
microwave  bridge.  To  determine  the  credibility  of  this  result,  the 
attenuation  expected  from  a  homogeneous  plasma  slab  whose  width  equals 
the  antenna  separation  of  the  bridge  was  calculated  and  compared  with 
the  attenuation  expected  from  the  same  width  plasma  slab  but  including 
the  radial  variation  measured  by  the  probe.  From  these  calculations 
the  axial  density  as  measured  by  the  probe  should  be  approximately  3 0% 
higher  than  the  average  density  as  measured  by  the  microwave  bridge. 

At  a  frequency  of  22  Gc  for  the  radial  electron  distribution  measured 
at  20  inches  is  cos^'^  i\r/6;  hence,  the  calculated  and  experimental 
results  agree  to  within  20%. 
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Figure  11  Measured  Radial  Electron  Density  In  A  Laminar  Plasma 
Column . 


Tbe  scattering  measurements  were  carried  out  at  a  pressure  of 
approximately  15  mmHg-  The  measured  backscatter  cross  section  from 
the  column  as  a  function  of  the  angle  of  Incidence  is  shown  in  Fig.  7. 
Along  with  these  data  points  are  the  theoretical  curves  of  the  back¬ 
scatter  cross  section  for  two  homogeneous  plasma  columns,  one  whose 
electron  density  equals  N  [(fp/f)^  =  l]  and  radius  equals  that  of  the 
critical  density  stratification  found  in  the  experimental  column 

(a„  =  2  inches)  and  another  whose  electron  density  equals  2N„[ (f  /fj  =  2] 
c  p 

and  radius  equals  that  of  the  twice  critical  density  stratification 

(a„  =1.7  inches )  . 

2c 

The  plasma  model  used  to  approximate  the  plasma  column  of  the 
laboratory  was  an  infinitely  long  ionized  cylinder  with  a  homogeneous 
complex  dielectric  constant.  Using  the  formulas  of  Wait4  and  King  et 
al.  ,  the  cross  section  of  plasma  columns  such  as  studied  here  has 
been  calculated  using  IBM  library  subroutines  to  calculate  the  Bessel 
and  Neumann  functions  for  complex  arguments. 

Tlie  cross  section  of  the  region  of  the  plasma  column  between  z 
of  2  and  22  inches  is  approximately  equal  to  that  calculated  for  a 
homogeneous  column  of  critical  electron  density  and  whose  radius  equals 
that  of  the  critical  density  stratification  found  in  the  experimental 
column.  To  see  whether  this  result  is  reasonable,  let  us  consider  by 
using  a  plane  wave  theory  approximation  the  contribution  to  the 
scattering  by  the  electron  density  concentration  in  the  column  at 
radii  less  than  and  greater  than  the  critical  radius.  From  plane  wave 
theory  we  find  that  (1)  due  to  the  high  attenuation  constant  of  the 
medium  at  9.4  Gc  within  the  critical  contour  (6.0  db/cm)  there  is  no 
effective  scattering  from  the  regions  within  the  critical  c  mtour  and 
we  can  assume  that  for  radii  less  than  the  critical  radius,  the  column 
appears  homogeneous  with  an  electron  density  equal  to  the  critical 
value;  (2)  the  signal  scattered  by  the  critical  contour  would  be  reduced 
by  about  1.5  db  in  transversing  the  underdense  region  twice.  On  this 
basis,  the  expected  return  should  be  about  1.5  db  below  the  curve 
calculated  for  a  2-inch-radius  critical  column. 

However,  this  does  not  take  into  account  the  incremental 
scattering  from  the  electron  density  concentration  outside  of  the 
critical  contour.  Since  the  radial  separation  between  the  contours 
of  0.5  hc  and  Nc  ic  less  than  a  quarter  wavelength,  the  backscattered 
energies  from  this  radial  portion  of  the  column  have  in-phase  components. 
This  will  tend  to  produce  a  scattered  return  above  that  expected  from 
the  critical  contour  alone  and  closer  to  the  calculated  value  for  the 
homogeneous  column  of  critical  density. 

Hie  pulse-width-broadening  effects  were  observed  in  scattering 
measurements  made  on  an  extended  metallic  cylindrical  scatterer  with 
its  principal  Fresnel  zone  shadowed.  These  broadening  effects  were 
ot servable  because  the  peak  level  of  return  was  about  13  db  above 
the  minimum  sensitivity  level.  However,  the  peak  of  the  scattered 
returns  from  the  plasma  column  with  its  principal  Fresnel  zone  shadowed 
is  only  3  db  above  the  minimum  sensitivity  level.  Hence,  we  were  only 


able  to  observe  that  the  peak  level  of  the  return  was  8.5  db  below 
the  measured  specular  return;  this  level  compares  very  well  with 
the  calculated  value. 

Turbulent  Columns 


In  the  laboratory  an  extended  turbulent  plasma  was  formed  by 
seeding  the  premixed  ethylene-oxygen  flame  in  the  combustion  chamber 
and  then  exhausting  through  an  expansion  nozzle  into  a  low-pressure 
vessel.  The  measurements  reported  were  made  at  an  ambient  pressure 
of  16  mmHg .  a  combustion  chamber  pressure  of  32  mraHg  and  a  mass  flow 
of  0.002  lbs/sec.  Under  these  conditions  the  velocity  and  Reynolds 
number  at  the  nozzle  exit  are  approximately  3000  feet/sec.  and 
3.0  x  103. 


The  density  fluctuations  of  the  ionized  particles  were 
measured  by  an  unbalanced  probe.  When  the  probe  is  used  to  measure  the 
spectrum  of  the  ion  fluctuations  the  inner  electrode  is  based  negatively 
with  respect  to  the  outer  electrode  and  the  probe  response  is  given  by 
Eq.  (5). 


When  the  probe  is  used  to  measure  the  spectrum  of  the  electron 
fluctuations  it  is  excited  from  a  CW  microwave  source  through  a  tee 
Junction  and  the  signal  reflected  from  it  is  observed  with  a  crystal 
detector.  Since  the  length  of  the  dipole  is  small  compared  to  the 
wavelength,  it  behaves  like  a  capacitive  reactance.  The  region  of  the 
electrostatic  field  is  approximately  defined  by  the  radial  electrode 
separation.  If  the  electron  concentration  in  the  plasma  medium  is 
much  less  than  the  critical  concentration,  Nc ,  (Nc  =  f2/81  x  10"3  el/cc 
where  f  is  in  cycles/sec)  variations  in  the  impedance  of  the  dipole  are 
linearly  related  to  variations  in  the  electron  density.  Thus  fluctuations 
in  the  reflected  signal  from  the  dipole  are  a  measure  of  the  fluctuations 
in  the  electron  density  surrounding  the  probe. 

To  obtain  the  frequency  spectrum  of  the  fluctuation  ion  or 
electron  density,  the  output  from  the  probe  was  fed  into  a  Panoramic 
sonic  analyzer  Mode]  LP-la.  This  instrument  scans  the  frequency  range 
from  40  to  20,000  cycles/sec.  in  one  second.  The  average  fluctuation 
was  obtained  by  photographing  a  number  of  traces  from  the  display  tube 
by  multiple  exposure.  Figure  12  is  a  photograph  of  a  typical  display 
of  the  one-dimensional  ion  spectrum. 

From  measurements  of  the  spectral  distribution  of  charged 
particles  measured  by  the  probe  in  its  dual  capacity,  it  is  seen  that 
the  electron  and  ion  fluctuations  have  identical  spectrums  in  the 
thermally  produced  plasma .  The  frequency  characteristics  of  the  ion 
saturation  current  at  various  points  downstream  from  the  nozzle  was 
obtained  from  other  intensity-modulated  photographs  and  plotted  in 
Fig  13;  a  line  with  a  slope  corresponding  to  has  been  included 

in  the  figure.  These  curves  have  been  normalized  to  unity  at  a 
frequency  of  100  cycles/sec. 
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Spectrum  Of  The  Ionized  Density  Fluctuations  At  A 
Point  12  Nozzle  Diameters  Downstream  From  The  Exit 
Of  A  2.5  CM  Diameter  Sonic  Nozzle  Exhausting  Into 
A  Pressure  of  16  nunHg  . 


Figure  12 
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Figure  13  Spectrum  Of  Im  Density  Fluctuation. 
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From  Fig.  13  it  is  seen  that  the  one -dimensional  spectrum 
of  the  positive  ion  fluctuations  for  various  positions  downstream 
of  the  nozzle  follow  an  identical  power  law.  The  normalized  power 
spectral  density,  F(f)/F(100),  where  f  is  the  frequency  in  cycles/sec., 
is  found  to  be  represented  rather  well  by  the  expression  (1  +  c  f^)  , 

where  c  is  2n  A/u  for  values  of  F(f)/F(100)  greater  than  0.1(cf  <  3). 

The  corresponding  spatial  correlation  function  would  be  exp (-[2n/cU Jx^ ) 
whei  c  U  is  the  mean  velocity  in  the  x1  direction;  going  downstream 
from  x/D  *  12  to  28,  c  goes  from  3  x  I0"4  to  2.5  x  10*3  sec.  For 
values  of  cf  greater  than  3  the  measured  spectrum  falls  below  the 
values  given  by  the  expression  (1  +  .  This  same  result  (although 

it  related  to  the  spectrum  of  the  turbulent  velocity  components)  was 
obtained  from  measurements  made  by  Liepmann®  for  grid  Reynolds  number 
of  the  order  of  10^.  On  the  other  hand,  the  spectrum  at  x/D  =  22 
approximates  the  Kolmogoroff  spectrum  (f“5'3)  over  the  frequency  range 
from  600  to  10,000  cycles/sec. 

Preliminary  velocity  measurements  Indicate  that  the  mean  flow 
velocity  16  diameters  downstream  is  approximately  500  feet/sec.  With 
this  velocity  and  a  value  for  c  of  7.0  x  10”^  sec.  obtained  from  the 
measured  ion  spectrum,  an  average  eddy  size  of  3/4  inch  is  Inferred. 

This  work  is  more  fully  described  in  Reference  10. 

CONCLUSIONS 

The  results  obtained  from  the  scattering  from  the  extended  targets 
have  shown  how  extremely  sensitive  the  backscattered  pulse  is  to  the 
separation  between  scatterers.  However,  these  results  and  the 
calculations  presented  from  representative  targets  have  shown  that 
the  base  width  of  the  backscattered  pulse  is  an  excellent  measure  of 
the  total  length  of  the  scatterer  when  there  is  a  high  signal-to-noise 
ratio. 

Tlie  backscatterlng  measurements  from  the  laboratory  produced  laminar- 
plasma  column  have  shown  that  the  laboratory  produced  laminar-plasma 
column  is  a  coherent  scatterer.  A  comparison  between  the  experimental 
results  and  the  calculated  results,  which  incorporate  tne  measured 
electrical  parameters  from  the  column,  shows  that  the  column  scatters 
electromagnetic  energy  that  is  polarized  with  the  electric  vector 
along  the  column  axis  in  the  same  manner  as  a  homogeneous  column  of 
critical  density  with  the  column  radius  equal  to  that  of  the  critical 
radius.  Finally,  in  the  thermally  produced  turbulent  flame,  the 
electron  and  positive  ion  fluctuations  have  identical  spectra. 
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SURFACE  ROUGHNESS  AND  TOLERANCES 
IN  MODEL  SCATTERING  EXPERIMENTS 

T.  B.A.  Senior 

Radiation  Laboratory,  The  University  of  Michigan 


I.  INTRODUCTION 

The  effect  of  surface  finish  on  the  scattering  behavior  of  a  target  is  a 
subject  on  which  a  variety  of  diverse  opinions  have  been  expressed,  but  for 
which  there  is  very  little  definitive  information  available.  Nevertheless,  it  is 
a  matter  of  considerable  importance  in  model  scattering  experiments,  particu¬ 
larly  those  where  a  large  number  of  similar  models  are  required  to  investigate 
the  size  (or  frequency)  characteristics  of  the  return.  The  cost  of  fabricating 
the  models  can  then  be  high,  and  it  is  clearly  uneconomic  to  specify  a  degree  of 
surface  finish  or  overall  tolerance  better  than  is  necessary  to  ensure  an  accurate 
determination  of  the  scattering. 

If  a  given  surface  is  perturbed  a  small  amount,  the  change  in  the  scat¬ 
tering  cross  section  is  a  function  not  only  of  the  type  of  perturbation  but  also  of 
the  scattering  from  the  original  base  surface.  This  in  turn  introduces  a  depen¬ 
dence  on  aspect,  polarization  and  frequency,  and  it  is  obviously  impossible  to 
estimate  the  minimum  construction  requirements  which  will  be  satisfactory  in 
all  cases.  It  therefore  comes  as  no  surprise  that  experimentalists  have  erred 
on  the  side  of  safety  by  seeking  the  best  finish  that  can  reasonably  be  achieved. 
Primich,  for  example,  stated  in  1950  that  the  models  used  at  DRTE  were  con¬ 
structed  with  an  rms  surface  finish  better  than  12  microinches,  which  implies 
a  high  degree  of  competence  on  the  part  of  the  machinists.  He  added  that  "if 
the  surface  is  allowed  to  get  rougher  than,  say,  20  or  30  microinches,  we  can 
normally  detect  a  change  in  echoing  area,  "  but  in  contrast  for  the  overall  dimen¬ 
sions  a  tolerance  of  10-^  inches  was  regarded  as  sufficient.  Similar  require¬ 
ments  were  imposed  at  both  the  Royal  Radar  and  Royal  Aircraft  Establishments 
in  England,  and  a  summary  of  the  RAE  view  has  been  given  by  Dawson  (1960). 

For  low  cross  section  objects  of  cone-sphere  type  the  importance  of  having  no 
ridges  or  kinks  was  emphasized,  and  from  a  study  of  data  obtained  with  many 
models  constructed  with  varying  degrees  of  accuracy  It  was  concluded  that  sur¬ 
face  roughness  can  be  important  when  the  object  is  large  in  comparison  with  the 
wavelength.  On  the  other  hand,  with  smaller  models  (base  radii  less  than  3A) 
no  effects  were  observed  on  going  from  a  roughish  surface  to  a  shiny  mirror¬ 
like  finish.  As  a  result  of  this  study  all  later  models  were  constructed  with  a 
surface  roughness  of  no  more  than  30  microinches,  equivalent  to  2x10”®  A  at 
the  X-band  wavelength  used  by  RAE,  and  it  seems  that  a  factor  in  this  choice 
was  the  desire  to  have  the  rms  amplitude  less  than  the  skin  depth. 
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Valuable  as  these  conclusions  are,  it  would  appear  that  they  are  largely 
based  on  isolated  measurements  carried  out  on  bodies  which,  through  faulty 
manufacture,  turned  out  to  have  some  specific  form  of  surface  irregularity. 

In  many  cases  the  irregularity  was  discovered  only  after  inspection  of  a  scat¬ 
tering  pattern,  and  usually  no  further  experiments  were  made  to  discover  the 
variation  as  a  function  of  frequency,  polarization,  aspect,  etc.  Because  of  the 
stray  effects  which  all  measurements  are  prone  to  in  this  area,  care  is  neces¬ 
sary  to  avoid  giving  undue  weight  to  a  single  observation,  but  in  the  absence  of 
controlled  experiments  to  examine  in  detail  the  scattering  produced  by  selected 
types  of  surface  perturbation,  we  have  to  draw  what  conclusions  we  can  from  the 
limited  data  available. 

In  the  following  paragraphs  an  attempt  is  made  to  provide  a  few  general 
statements  about  the  effect  of  surface  perturbations  based  on  our  experiences 
in  the  Radiation  Laboratory.  The  dimensions  of  the  perturbations  are  assumed 
small  in  comparison  with  those  of  the  base  surface  and  usually,  but  not  always, 
small  in  comparison  with  the  wavelength.  The  perturbations  may  take  the  form 
of  deformations  (e.g.  a  sphere  into  a  spheroid  of  small  ellipticity)  pertinent  to 
overall  tolerance  criteria,  ridges  or  grooves  (as  at  the  join  of  a  badly  constructed 
cone-sphere)  or  random  roughness  (as  might  occur  in  a  casting  process),  and 
brief  remarks  are  made  about  each  class.  For  simplicity,  attention  will  be  con¬ 
fined  to  metallic  bodies.  If  the  surface  is  non-metallic,  or  coated  with  a  dielec¬ 
tric  or  absorbing  material,  the  effect  of  irregularities  tends  to  be  reduced,  and 
this  is  consistent  with  Dawson's  hypothesis  about  the  size  in  relation  to  the  skin 
depth. 

To  keep  the  discussion  as  general  as  possible,  bodies  will  be  categorized 
according  to  the  nature  of  the  return  from  the  unperturbed  surface  at  different 
aspects  and  frequencies.  The  cases  to  be  distinguished  are  those  in  which  the 
return  is  (i)  volume-dominated,  (ii)  specular  and  (iii)  the  result  of  singularity 
(tip,  edges,  etc)  or  surface  wave  contributions,  and  the  consequences  of  surface 
perturbations  in  the  three  cases  are  considered  in  Section  2  through  4.  The  final 
section  is  concerned  with  experimental  studies  of  random  roughnesses. 

H.  VOLUME-DOMINATED  BEHAVIOR 

At  sufficiently  low  frequencies  a  finite  body  appears  only  as  a  singularity 
in  the  field  and  the  Rayleigh  scattering  law  then  applies .  With  an  accuracy 
which  is  adequate  for  most  purposes,  the  back  scattering  cross  section  is 

4 . 4..2_2 
<J  =  -  k  V  F 

TT 


where  k  is  the  propagation  constant  (  =  2 n  /X),  V  is  the  volume  and  F  is  a 
shape  factor  dependent  on  the  length-to-width  ratio  (Siegel,  1S58,  1963).  Any 
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surface  irregularity  is  now  tantamount  to  a  'singularity  on  a  singularity'  and  is 
negligible  in  its  effect  on  a.  Since  F  is  a  slowly  varying  function,  any  slight 
deformations  of  shape  are  also  unimportant,  as  are  small  changes  in  the  vol¬ 
ume  resulting  from  a  relaxation  of  the  overall  tolerances. 


m.  SPECULAR  BEHAVIOR 

Any  body  will  produce  a  specular  return  at  some  aspect  if  the  frequency 
is  high  enough,  and  in  most  cases  such  a  return  will  dominate  all  other  contri¬ 
butions.  If  a  portion  of  the  surface  is  plane  and  normal  to  the  incident  field 
direction,  the  corresponding  back  scattering  cross  section  is 


4?rA2 


(1) 


where  A  is  the  area.  Similarly,  for  a  section  of  a  circular  cylinder  of  radius 
a  and  length  JL 


a 


2ir  /.2a 
X 


(2) 


and  for  curved  area  with  (finite)  principal  radii  of  curvature  and  R2, 

a  -  ffRjRg  .  (3) 


All  of  these  are  high  frequency  approximations,  and  in  spite  of  the  differing 
wavelength  dependence  the  formulae  go  over  continuously  one  into  another.  If, 
for  example,  A  =  Zb  and  the  surface  is  now  bent  in  the  direction  of  the  b  di¬ 
mension  to  form  a  section  of  a  circular  cylinder  whose  rim  is  displaced  a  dis¬ 
tance  6  relative  to  the  middle  of  the  element,  the  cross  section  will  remain 
essentially  unchanged  until  6  exceeds  the  value  X/16.  The  radius  a  of  the 
cylinder  is  then  2b^/X  and  equations  (1)  and  (2)  give  identical  results,  but  as 
<5  increases  beyond  X/ 16  equation  (2)  must  be  used,  and  the  cross  section 
falls  off  as  The  transition  from  equation  (2)  to  equation  (3)  is  similar. 

Of  the  above  cross  sections  the  flat  plate  one  is  potentially  the  largest, 
and  can  be  equalled  only  by  a  return  from  a  similar  flat  surface  or  aperture. 
Any  perturbation  of  the  surface  is  more  likely  to  degrade  this  return  than  to 
increase  another  until  its  size  is  comparable.  If  the  scattering  region  is  uni¬ 
formly  perturbed,  the  extent  to  which  the  cross  section  is  affected  can  be  de¬ 
duced  from  the  preceding  discussion.  Thus,  for  example,  a  plate  10X  on  the 
side  can  be  bent  into  an  arc  subtending  3-1/2°,  or  tilted  through  an  angle 
2-1/2°,  before  the  cross  section  is  reduced  by  1  db.  Corresponding  data  for 
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curved  surfaces  can  be  obtained  from  equations  (2)  and  (3),  and  all  suggest  that 
a  relatively  loose  tolerance  (  ~  10"2\)  would  be  satisfactory  for  most  purposes. 

If  the  perturbations  can  be  likened  to  a  regular  series  of  ridges  and  fur¬ 
rows  whose  depth  S  is  small  in  comparison  with  the  wavelength,  the  change  in 
the  back  scattering  cross  section  can  be  estimated  using  results  for  corrugated 
surfaces.  The  analysis  for  a  plane  sheet  (Senior,  1959)  shows  that  to  a  first, 
order  the  corrugations  are  equivalent  to  a  voltage  reflection  coefficient  J0(2kS  ), 
which  will  reduce  the  back  scattered  energy  by  less  than  ldbif  S<0.1A.  On 
the  other  hand,  from  the  solution  for  a  corrugated  cylinder  (Clemmow  and  Wes¬ 
ton,  1962)  it  is  seen  that  to  a  first  order  the  effective  surface  of  reflection  is 
displaced  to  lie  along  the  top  of  the  corrugations,  leading  to  an  increase  in  the 
return  from  a  convex  body,  and  partially  compensating  for  the  smaller  scat¬ 
tering  from  each  element. 

In  the  case  of  more  general  perturbations  which  can  be  modelled  by  a 
random  distribution  of  irregularities  of  small  slopes  and  amplitude,  an  alter¬ 
native  approach  is  to  represent  the  surface  by  a  smooth  but  imperfectly  conduc¬ 
ting  one  whose  impedance  is  defined  in  terms  of  the  statistical  properties  of  the 
irregularities  (Senior,  1961).  If  the  roughness  is  such  that  k  t,  k?0«  1  where 
JL  and  are  the  scale  and  amplitude  respectively,  the  surface  impedance  rj 
is  almost  purely  imaginary,  but  as  the  scale  increases,  r)  assumes  a  resistive 
part  as  well.  The  latter  can  be  attributed  to  diffuse  scattering  which,  in  the 
back  scattering  direction,  is  indistinguishable  from  absorption.  Since  the  impe¬ 
dance  increases  the  cross  section  of  a  large  sphere  by  a  factor  Jl-rj |2,  the 
roughness  will  serve  to  increase  the  return  as  long  as  k  L  «  1  and  is  equivalent 
to  reflection  at  a  surface  of  larger  radius.  As  k£  approaches  unity,  however, 
the  cross  section  may  fall  below  the  smooth  sphere  value  depending  on  the  mag¬ 
nitude  of  arg  rj. 

In  view  of  these  results  it  would  appear  that  only  the  most  severe  rough¬ 
ness  can  produce  a  noticeable  effect  on  a  specular  return,  and  this  has  been  con¬ 
firmed  by  experiments  carried  out  with  a  rough  sphere  at  a  series  of  different 
frequencies.  The  experiments  were  described  by  Hiatt  et  al  (1960),  and  the  data, 
together  with  some  more  recently  obtained,  is  summarized  in  Section  5.  As  an 
example  of  the  findings,  a  roughness  of  amplitude  0.  037  cm  and  scale  0. 101  cm 
produced  an  average  increase  in  cross  section  of  only  0.02db  at  X-band.  The 
standard  deviation  was  0. 4db  and  the  maximum  change  observed  was  1. 5db. 
When  the  wavelength  was  decreased  to  1. 3  cm  the  corresponding  values  were 
0.41,  1.04  and  -3.  9db,  which  shows  how  rapidly  roughness  becomes  important 
as  its  relative  scale  increases.  At  this  frequency,  however,  ?o^0.03A  and 
i,  /vO.U,  with  actual  bumps  having  dimensions  greater  by  a  factor  2  or  more, 
and  one  would  hardly  conceive  of  using  such  a  surface  to  represent  a  smooth 
body. 

It  is  therefore  tempting  to  conclude  that  extremely  smooth  surfaces  are 
not  as  essential  as  had  been  supposed,  and  both  theory  and  experiment  suggest 
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that  an  rms  surface  finish  good  to  10-3A  should  be  more  than  adequate  for  all 
measurements  of  specular  contributions.  Theoretically,  however,  there  is  a 
danger  in  adopting  this  as  a  criterion  because  of  the  possibility  that  even  slight 
roughness  may  so  effect  the  side  lobes  of  a  specular  return  as  to  produce  a 
sizable  contribution  at  aspects  where  the  smooth  body  provided  none.  Similarly, 
if  a  smooth  body  had  two  specular  contributions  which  cancelled  one  another  at 
some  aspect,  roughness  could  modify  this  cancellation.  Any  discussion  of 
modelling  ultimately  leads  to  the  question  of  the  accuracy  with  which  a  scatter¬ 
ing  pattern  must  be  reproduced,  and  obviously  the  deep  minima  are  the  most 
susceptible  to  perturbation  effects,  but  because  of  the  approximations  inherent 
in  any  theoretical  study  of  roughness,  such  degradations  of  a  pattern  can  only 
be  investigated  experimentally.  Some  pertinent  data  is  presented  in  Section  5. 

IV.  SINGULARITY  AND  SURFACE  WAVE  BEHAVIOR 

Two  of  the  commonest  types  of  contributor  to  the  back  scattering  cross 
section  are  singularities  (edges,  tips,  etc)  and  surface  (travelling  or  creeping) 
waves.  A  singularity  is  essentially  a  place  where  the  surface  or  one  of  its  deri¬ 
vatives  changes  rapidly  within  a  small  fraction  of  a  wavelength,  and  any  direct 
return  is  therefore  local  in  origin.  This  is  in  contrast  to  a  surface  wave  con¬ 
tribution,  which  is  generally  produced  by  waves  which  have  travelled  some  dis¬ 
tance  around  the  body,  and  which  is  consequently  more  susceptible  to  the  cumu¬ 
lative  effect  of  small  perturbations.  In  both  cases,  estimates  of  the  cross 
section  are  usually  based  on  high  frequency  approximations,  but  the  results  have 
also  found  application  in  the  upper  half  of  a  resonance  region  defined  in  terms 
of  the  overall  dimensions  of  the  body. 

To  determine  the  influence  of  perturbations  on  these  forms  of  scattering 
it  is  convenient  to  concentrate  on  a  particular  body,  and  the  cone-sphere  is 
ideal  for  this  purpose.  At  nose-on  and  near  nose-on  aspects  the  dominant 
sources  of  return  are  the  join  of  the  cone  and  sphere  and  the  creeping  waves 
which  have  traversed  the  rear.  The  former  is  a  degenerate  version  of  a  circular 
edge  or  rim,  and  measurements  of  the  overall  cross  section  at  closely- spaced 
frequencies  have  shown  that  the  return  from  the  join  is  in  reasonable  agreement 
with  the  predictions  of  physical  optics.  For  the  creeping  wave  contribution, 
however,  the  agreement  is  not  quite  so  good,  and  for  base  radii  one  to  two  wave¬ 
lengths  the  magnitude  appears  to  exceed  that  for  a  sphere  of  the  sam^  size  by  a 
db  or  two.  Direct  measurements  of  the  surface  field  intensity  have  confirmed 
this  enhancement,  and  the  effect  may  be  due  to  an  'overflow'  of  the  travelling 
wave  supported  by  the  cone . 

At  precisely  nose-on  incidence  (0  =  0)  the  cross  section  associated  with 
the  tip  is 

"t  =  7S7  tan4“  (4> 
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where  a  is  the  half-cone  angle,  and  for  most  a  of  practical  interest  this  cross 
section  is  insignificant  in  comparison  with  the  return 


a. 

) 


4 

sec  a 


<5> 


attributable  to  the  cone-sphere  join.  As  6  increases  away  from  zero,  o. 
decreases  according  to  the  factor 


■jj0(2kacosa'  sin@)|2  , 

where  a  is  the  radius  of  the  spherical  base.  The  appearance  of  the  Bessel 
function  JQ  is  characteristic  of  the  return  from  a  ring,  and  it  is  now  trivial  to 
investigate  the  consequences  of  an  angular  displacement  of  the  join  relative  to 
the  axis  of  the  body.  However,  a  more  probable  inaccuracy  in  a  model  is  a 
failure  to  match  precisely  the  first  derivatives  of  the  surface  in  this  region.  If 
S  ia  the  angle  between  the  tangents  to  the  cone  and  sphere  at  this  point,  the 
physical  optics  cross  section  becomes 


^ ^  4  f  1 2 

ct!  =  tt—  sec  a  [  1  +  2ika  coso  tan  S 
j  16  7T 


(6) 


(Senior,  1963),  and  for  any  non-zero  value  of  6  the  second  term  will  predom¬ 
inate  at  sufficiently  high  frequencies.  Taking,  for  example,  6=1°,  the 
second  term  will  exceed  the  first  if  acosa  >  4.  6 A.,  and  with  further  increase 
of  frequency  the  cross  section  will  approach  the  constant  value 


it  (asecotanS) 


2 


(7) 


instead  of  decreasing  in  accordance  with  equation  (5). 

It  is  believed  that  errors  in  matching  the  sphere  to  the  cone  have  been 
responsible  for  many  of  the  discrepancies  in  experimental  data,  particularly 
in  those  measurement  programs  where  a  large  number  of  models  were  em¬ 
ployed.  Nevertheless,  the  importance  of  good  construction  in  this  region  should 
not  be  exaggerated,  and  if  the  rear  of  the  body  were  still  spherical  in  spite  of 
the  non-zero  value  of  6,  an  overall  surface  tolerance  of  10-2X  would  be  enough 
to  ensure  that  the  return  from  the  join  was  not  out  by  more  than  l  db  at  any  fre¬ 
quency. 

Because  of  the  large  area  of  surface  on  the  sides  of  the  cone,  it  might 
be  imagined  that  at  nose-on  and  near  nose-on  incidence  a  small  amount  of  rough¬ 
ness  could  generate  a  signal  comparable  to  that  from  the  join.  That  this  is  not 
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so  can  be  seen  by  postulating  a  dense  collection  of  identical  hemispheres  of 
radius  e .  The  number  of  such  protuberances  on  the  cone  itself  is  then 
(a/e)2  cosa  cotcr.  If  there  is  no  shadowing  and  each  provides  one  quarter  of  the 
Rayleigh  cross  section  of  the  corresponding  sphere,  the  net  return  is 

9r  ,.  .4  2 
cr_  =  —  sina  (ke)  a  . 
r  4 


Hence 


o 

r 

o. 

) 


4  2 

9  cosec  a  (ke  cos  a)  (kacosa) 


(8) 


which  is  comparable  to  unity  only  for  large  roughness,  very  large  ka  or  ex¬ 
tremely  small  ct.  In  this  last  case  the  assumption  of  no  shadowing  is  clearly 
inappropriate  and  if,  for  example,  a  =  7-1/2°,  ka  =  20  and  ke  =  0.05  (ex¬ 
treme  roughness),  the  ratio  is  about  0.1. 

For  a  roughness  which  is  random  but  statistically  uniform  in  character 
an  alternative  approach  is  to  represent  its  effect  using  an  impedance  boundary 
condition.  If  the  scale  and  amplitude  are  small  in  relation  to  the  wavelength, 
the  appropriate  impedance  r]  does  not  differ  substantially  at  grazing  and  normal 
incidence.  The  former  is  a  reasonable  approximation  for  the  sides  of  the  cone 
at  nose-on  aspects  and  Weston  (19G0)  has  shown  that  at  high  frequencies  cq  and 
Oj  are  both  increased  by  a  factor  |l  -  rifsino  +  coseca)  |2,  but  since  r)  is  purely 
imaginary  for  small  scale  roughness,  the  factor  is  almost  unity  in  most  practi¬ 
cal  cases  in  spite  of  the  term  involving  cosec  a.  Thus,  for  example,  with 
kj l  =  0.2  and  k?Q  =  0.05,  rj  ~Q.01i,  and  even  for  a  =  7-1/2°  the  predicted 
increase  in  cross  section  is  less  than  1  percent. 

This  same  method  can  also  be  used  to  estimate  the  change  in  any  creep¬ 
ing  wave  contribution.  For  a  smooth  cone-sphere  the  'theoretical'  creeping 
wave  cross  section  at  nose-on  incidence  is  greater  than  oj  by  a  factor  2  when 
ka^  10  and  is  equal  to  oj  when  ka  18.  At  higher  frequencies  oj  dominates, 
but  the  value  of  ka  at  which  this  situation  obtains  is  increased  due  to  the  en- 
liancement  of  the  creeping  waves.  If  the  spherical  portion  of  the  body  is  now 
roughened  in  such  a  way  that  an  impedance  boundary  condition  is  applicable,  the 
main  effect  is  to  increase  fractionally  the  apparent  radius  of  the  cap,  and  there¬ 
by  force  the  wave  to  describe  a  larger  path.  In  addition,  seme  attenuation  can 
be  expected  resulting  from  scattering  of  the  wave  in  its  passage,  but  analyses, 
suggest  that  the  total  change  in  the  back  scattering  cross  section  is  entirely  neg¬ 
ligible  for  roughnesses  of  order  10“2X  or  less.  The  measured  data  on  rough 
cone-spheres  does  not  disagree  with  this  conclusion. 
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For  travelling  waves,  an  estimate  of  the  effect  of  roughness  is  harder 
to  come  by  because  of  the  absence  of  a  precise  theory  for  the  dependence  of 
these  waves  on  the  parameters  of  the  unperturbed  body.  There  is,  however, 
no  evidence  to  indicate  that  they  are  more  sensitive  than  creeping  waves. 

Although  the  above  analyses  are  neither  rigorous  nor  all  embracing,  they 
do  give  some  information  about  the  probable  influence  of  surface  finish  on  the 
behavior  of  low  cross  section  shapes,  and  on  this  basis  it  would  seem  that  a 
finish  good  to  10"^  X  should  be  more  than  satisfactory  for  most  (if  not  all)  model 
measurements.  As  in  the  case  of  specular  returns,  flfcwever,  this  criterion  has 
been  arrived  at  by  considering  only  the  dominant  features  of  the  scattering  pat¬ 
tern,  and  any  imperfections  in  surfaqj^ir  tolerance  will  clearly  affect  the  mini¬ 
ma  to  a  greater  extent.  To  see  what  changes  can  be  expected  in  these  portions 
of  the  pattern,  experimental  data  is  essential,  and  some  pertinent  results  are 
presented  in  the  next  section. 

V.  A  MEASUREMENT  PROGRAM 

In  early  1960  an  experimental  study  of  surface  roughness  was  under¬ 
taken  partly  to  confirm  the  applicability  of  the  surface  impedance  approach  to 
random  roughness,  but  also  to  obtain  some  direct  measurements  of  the  effect  of 
roughness  on  the  back  scattering  behavior  of  selected  objects.  To  begin  with, 
attention  was  confined  to  a  large  sphere  and  the  results  were  reported  by  Hiatt 
et  al  (1960).  The  program  was  then  allowed  to  lapse,  but  was  resurrected  in 
late  1961  and  has  been  pursued  intermittently  ever  since. 

The  rough  sphere  employed  in  the  initial  experiments  was  approximately 
10  inches  in  diameter  and  was  cast  in  aluminum  a  hemisphere  at  a  time.  It  was 
found  that  the  casting  process  could  be  modified  to  provide  an  acceptable  degree 
of  relatively  uniform  roughness,  and  this  is  the  method  by  which  all  of  the 
models  were  constructed.  The  mean  radius  a  of  the  sphere  turned  out  to  be 
12.86  cm,  the  total  depth  d  of  a  typical  bump  from  crest  to  trough  (approxi¬ 
mately  twice  the  rms  amplitude  £0)  was  0. 07  cm,  and  the  total  width  w  (rather 
than  the  width  between  3  db  points  required  for  the  specification  of  the  scale  L  ) 
was  0.3  cm.  The  measurements  of  d  and  w  were  made  with  a  vernier  caliper 
and  though  there  were  variations  from  point  to  point  on  the  sphere,  the  above 
values  are  typical  of  those  obtained  not  only  for  this  one  body  but  for  all  of  the 
rough  models  used. 

A  close-up  photograph  of  the  surface  is  given  in  Hiatt  et  al  (1960),  which 
reference  also  contains  a  description  of  the  experimental  technique.  At  three 
frequencies  in  the  S,  X  and  K-band  ranges  the  cross  section  was  recorded  as 
a  function  of  rotation  angle,  0°  through  360°,  for  a  variety  of  different  positions 
of  the  hemispheric  join  relative  to  the  plane  normal  to  the  direction  of  incidence. 
The  traces  were  compared  with  those  for  a  companion  smooth  sphere  of  almost 
identical  size,  and  at  frequencies  where  roughness  was  found  to  have  an  effect 
the  differences  in  cross  section  were  tabulated  and  analyzed.  At  the  two  higher 
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frequencies  the  data  was  reinforced  with  'point  by  point'  measurements  obtained 
by  constructing  a  grid  on  the  surface  of  the  sphere  and  directing  the  antenna 
beam  successively  at  each  of  these  points,  and  at  X-band  the  program  was  en¬ 
larged  to  include  measurements  taken  at  ranges  from  16  feet  down  to  6  inches. 
Since  the  publication  of  the  Hiatt  paper,  results  have  been  obtained  with  a  still 
higher  (Kfl-band)  frequency,  and  the  relative  values  of  the  sphere  parameters 
in  the  four  cases  are  listed  in  Table  I. 


TABLE  I:  SPHERE  PARAMETERS 


Freq.  (Gc) 

A(cm) 

ka 

d/X 

w/X 

2.87 

10.5 

7.73 

7xl0-3 

2  x  10“  2 

9.70 

3.09 

26. 1 

2x  10"2 

io- 1 

22.97 

1.31 

62.0 

6xl0~2 

2x  10* 1 

31.97 

0.938 

86.2 

8x10-2 

3  x  10" 1 

At  S-band  the  roughness  had  no  perceptible  effect.  The  cross  section 
was  almost  constant  as  a  function  of  rotation  and  nowhere  differed  by  more  than 
0.2db  from  the  level  appropriate  to  a  smooth  sphere  of  the  same  diameter. 

When  the  frequency  was  increased  to  X-band,  however,  the  roughness  became 
apparent  and  the  traces  oscillated  about  the  smooth  sphere  value  with  peak  de¬ 
viations  as  much  as  ldb.  Nevertheless,  the  average  change  in  cross  section 
was  infinitesimal,  which  is  in  accordance  with  the  theoretical  prediction.  As 
expected,  there  was  no  statistically  significant  range  dependence.  At  the  two 
highest  frequencies,  the  roughness  was  playing  a  major  role.  The  dimensions 
of  the  bumps  were  now  such  that  they  could  act  singly,  or  in  combinations  of  a 
few  at  a  time,  to  produce  individual  features  in  the  traces,  and  quite  large  vari¬ 
ations  were  observed.  Portions  of  sample  traces  at  the  four  frequencies  are  repro¬ 
duced  in  Figure  1,  and  in  Table  13  the  fractional  changes  in  cross  section  are 


TABLE  II:  RELATIVE  CROSS  SECTION  OF  ROUGH  SPHERE 


Freq.(Gc) 

aver. 

°r/CTs 

st.  dev. 
°r/°s 

no.  of 
readings 

max. 

ar/<jg 

min. 

<Tr/ Og 

2.87 

<0. 2db 

-0.  ldb 

9.70 

0. 02  db 

1.10 

1272 

1 . 5db 

-0. 8db 

22.97 

0.41  db 

1.27 

1488 

2. 3  db 

-3. 9db 

31.97 

-0. 09db 

0.263 

541 

2. 4  db 

-G. 4  db 
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summarized.  Note  that  the  standard  deviations  are  pure  numbe  '3  (not  db)  and 
that  differences  attributable  to  the  slight  discrepancy  in  size  bet  eon  the  rough 
and  smooth  (calibrating)  sphere  have  been  removed. 

Ktt-band  measurements  have  also  been  made  with  a  sphere  of  larger 
radius  (a  =  19.50  cm),  ana  since  the  results  are  quite  similar  to  the  above,  It  4 

would  appear  that  the  size  of  the  sphere  is  not  a  major  factor  at  these  frequen¬ 
cies. 

Perhaps  the  most  striking  feature  of  all  the  data  is  the  rapidity  with  which 
an  increase  of  frequency  brings  out  the  roughness  effect  and  this  is  particularly 
noticeable  in  the  peak  deviations.  At  S-band  the  roughness  produces  no  really 
observable  change  in  cross  section  and  the  aspect  traces  are  sensibly  uniform, 
but  at  X-band  variations  of  1  to  2  db  are  common,  rising  to  as  much  as  6db 
at  Ka-band.  The  character  of  the  patterns  also  changes,  with  the  gentle  oscil¬ 
lations  found  at  X-band  giving  way  to  jagged  and  almost  noisy  traces  at  the  high¬ 
est  frequency.  In  spite  of  this,  the  average  cross  section  shows  little  frequency 
dependence  over  the  above  range,  and  at  K  and  Ka  bands  at  least  the  individual 
values  of  crr/ofi  are  normally  distributed.  A  typical  distribution  curve  is  that 
for  the  Kj^-band  data  in  Figure  2.  Since  the  horizontal  scale  is  linear,  it  is  obvi¬ 
ous  that  in  any  db  plot  the  minima  will  tend  to  be  deeper  than  the  maxima  are 
high,  and  this  is  true  of  all  our  measurements  for  the  larger  roughnesses.  It 
is  also  evident  from  Table  II . 

If  the  frequency  is  increased  still  further,  the  average  cross  section  will 
ultimately  decrease.  Although  the  initial  effect  of  small  roughness  is  to  increase 
the  apparent  radius  of  the  sphere  and  thereby  increase  the  cross  section,  the 
change  is  relatively  small  and  will  sooner  or  later  be  swamped  by  the  decrease 
in  the  apparent  reflection  coefficient  of  the  surface.  The  decrease  is  actually 
due  to  the  diffuse  scattering  but  is  indistinguishable  from  absorption  as  regards 
the  direct  polarized  return  in  the  monostatic  case.  Nevertheless,  the  true  source 
of  the  reduction  can  be  discovered  by  examining  the  cross -polarized  signal,  and 
this  fact  was  pointed  out  by  Senior  and  Siegel  ( 1 960)  who  presented  some  experi¬ 
mental  data  for  a  condition  of  extreme  roughness.  When  the  10-inch  diameter 
smooth  (calibrating)  sphere  was  partially  covered  with  bumps  whose  dimensions 
were  of  order  1  inch  and  illuminated  at  X-band,  the  average  back  scattering  cross 
section  was  found  to  be  7  db  below  that  of  the  sphere  without  bumps.  Minima  as 
deep  as  -25  db  were  observed,  and  even  the  maximum  return  was  4db  below 
the  smooth  sphere  value.  In  contrast,  the  average  cross-polarized  return  was 
only  6db  below  the  direct  one  and  for  our  present  purposes  this  data  is  impor¬ 
tant  in  providing  an  effective  continuation  of  Table  II.  Based  on  the  size  of  the 
roughness  alone,  these  changes  in  cross  section  should  be  comparable  to  what 
the  original  rough  sphere  would  show  at  a  frequency  of  around  200 Gc. 

When  the  general  roughness  investigation  was  resumed  in  late  1961  it  was 
decided  to  give  most  attention  to  a  low  cross  section  shape  for  which  the  back 
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scattered  returns  over  a  reasonable  aspect  range  were  not  specular  in  charac¬ 
ter.  The  cone-sphere  was  selected.  Three  rough  bodies  were  constructed  with 
half-cone  angles  a  =  7-1/2°,  12-1/2°  and  15°,  and  mean  cap  radii  5.613, 

4.513  and  10. 104 cm  respectively.  Each  was  composed  of  two  identical  por¬ 
tions  cast  in  aluminum  and  after  the  slight  ridge  at  the  join  had  beeu  removed, 
the  seam  was  roughened  with  a  hand  tool.  The  resulting  bodies  seemed  reason¬ 
ably  symmetrical,  with  a  roughness  which  was  sensibly  uniform  in  character 
and  of  approximately  the  same  dimensions  as  for  the  rough  sphere  previously 
described.  For  purposes  of  calibration,  companion  smooth  bodies  of  similar 
size  were  milled  from  cold  rolled  stock. 

The  back  scattering  cross  sections  were  measured  at  a  variety  of  S,  X 
and  Ka  band  frequencies.  Full  360°  aspect  patterns  were  obtained  as  well  as 
-43°  to  48°  patterns  and  a  host  of  individual  nose-on  values.  For  brevity,  only 
the  earliest  data  on  the  12-1/2°  half-angle  body  will  be  discussed,  and  even 
this  has  not  yet  been  analyzed  with  the  thoroughness  that  it  deserves. 

At  S-band  the  nose-on  cross  section  of  the  smooth  cone-sphere  varied 
from  0.097\2  at  a  frequency  of  2.67Gc  to  0.25 A2  at  3.07Gc,  and  though  the 
simplest  creeping  wave  approximations  are  not  valid  for  ka  as  small  as  it  was 
here,  it  seems  reasonable  to  attribute  the  variation  to  an  interference  between 
a  return  from  the  join  and  a  disturbance  which  has  travelled  around  the  rear  of 
the  cap.  For  horizontal  polarization  the  cross  section  remained  fairly  constant 
at  aspects  out  to  (about)  24°,  and  then  fell  to  a  deep  minimum  at  40°  to  48°, 
before  rising  through  the  side  lobes  of  the  specular  flash.  Beyond  the  flash  the 
cross  section  was  highly  oscillatory  and  continued  so  out  to  180°.  Since  there 
was  no  such  oscillation  with  vertical  polarization,  it  was  probably  due  to  a  trav¬ 
elling  wave  contribution  interfering  with  the  specular  sphere  return. 

The  S-band  rough  cone-sphere  measurements  were  carried  out  at 
2.67(0. 10)3. 07 Gc  using  horizontal  polarization  and,  in  one  case,  vertical  as 
well.  The  average  variation  in  the  cross  section  for  the  aspect  range 
-36°  <  <9  <36°  was  0.2db,  but  this  is  somewhat  misleading  as  the  roughness 
appeared  to  enhance  the  return  at  frequencies  for  which  the  nose-on  value  was 
near  to  a  minimum,  and  decrease  it  when  the  cross  section  was  near  a  maximum, 
suggesting  a  differential  action  on  the  main  contributors.  The  maximum  cross 
sectional  change  in  this  aspect  range  was  1. 1  db,  but  0.  5db  was  more  typical. 
There  was  some  filling-in  of  minima  (by  as  much  as  2db  at  15  db  minima  and 
5db  at  25 db  ones),  but  part  of  this  was  undoubtedly  due  to  background  effects. 
For  |®  |  >60°,  uo  variations  due  to  roughness  could  be  detected. 

In  the  expectation  that  roughness  would  play  a  major  role  at  X-band,  the 
investigation  at  these  frequencies  was  more  extensive.  For  the  smooth  body  the 
aspect  patterns  were  similar  in  character  to  the  S-band  ones  and  the  interpre¬ 
tation  follows  the  same  general  lines.  The  nose-on  cross  section  had  a  pro¬ 
nounced  variation  as  a  function  of  frequency  with  a  maximum  of  0. 19  A^  at 
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Figure  4:  Nose-on  Cross  Sections  of  Rough  and  Smooth  Cone-Spheres 


8.6Gc  and  a  minimum  of  O.G25X^  at  9.  5Gc.  To  pin  down  this  oscillation  with 
the  highest  possible  accuracy  a  total  of  17  separate  frequencies  in  the  range 
7.98  to  10. 97  Gc  were  employed,  and  at  each  of  these  9  or  more  individual 
measurements  of  the  cross  section  were  made  using  vertical  polarization  (see 
Figure  4).  As  the  aspect  moved  away  from  0  =  0  the  cross  section  rose  or  fell 
according  as  the  nose-on  value  was  neir  a  maximum  or  a  minimum  respectively, 
and  at  frequencies  corresponding  to  these  extreme  cases  the  pattern  was  com¬ 
parable  to  that  of  a  ring  with  the  sameiradius  as  the  cone-sphere  join.  For  0 
greater  than  (about)  15°  a  behavior  si  nil  liar  to  that  at  S-baad  obtained. 

As  soon  as  the  rough  cone- sphere  was  measured,  it  was  apparent  that 
the  body  was  not  as  uniform  as  had  been  supposed.  The  aspect  patterns  were 
no  longer  symmetrical  about  nose-on  ind  in  addition  a  marked  roll  sensitivity 
existed.  When  the  radius  of  the  cap  was  re-examined  it  was  found  to  vary  frym 
4.463  to  4.  560  cm  (equivalent  to  a  tolerance  of  only  3x  10“2x  at  X-band),  and 
though  two  new  rough  models  were  immediately  ordered,  the  program  had 
lapsed  by  the  time  they  were  delivered.  There  was  no  alternative,  therefore, 
but  to  pursue  the  study  with  the  imperfect  model  that  was  available  and  to  think 
of  the  asymmetry  as  an  added  blessing.  It  should  be  added  that  when  subsequent 
tests  were  made  at  S-band,  the  variations  which  had  been  attributed  to  rough-' 
ness  alone  turned  out  to  be  sensitive  to  roll.  Though  the  overall  magnitude  of 
the  cross  sectional  changes  were  not  affected,  the  details  were,  and  some  of 
these  were  almost  certainly  a  consequence  of  the  asymmetry  of  the  mean  surface. 

The  cross  section  of  the  rough  cone-sphere  was  measured  at  12  X-band 
frequencies  for  a  variety  of  roll  angles.  Complete  360°  patterns  were  obtained 
in  each  case  as  well  as  supplementary  patterns  for  the  -48°  to  48°  aspect 
range.  As  an  example  of  the  latter,  the  results  for  9.  3Gc  with  vertical  polari¬ 
zation  are  shown  in  Figure  4  with  the  smooth  gody  trace  for  comparison.  The 
roll  sensitivity  is  clearly  apparent  and  at  some  roll  angles  the  main  features  of 
the  pattern  are  entirely  obscured.  From  a  study  of  data  such  as  this  it  was  con¬ 
cluded  that  the  average  change  in  cross  section  in  the  forward  aspect  range  was 
about  2db,  but  changes  of  as  much  as  5db  were  quite  common  and  10  db  not 
unusual.  At  aspects  corresponding  to  the  specular  flash  and  beyond,  the  changes 
were  considerably  less  and  rolling  had  little  effect.  The  main  structure  of  the 
smooth  body  pattern  came  through  with  only  slight  disturbance,  and  the  cross 
sectional  variations  found  with  the  rough  sphere  (see  Table  n)  were  fairly  typi¬ 
cal  here. 

For  0  =  00  the  above  data  was  reinforced  with  'point  by  point'  measure¬ 
ments,  and  some  of  the  results  are  presented  in  Figure  4.  Each  point  is  the 
average  of  between  9  and  27  Individual  readings  of  the  cross  section  for  vertical 
polarization,  and  in  spite  of  the  roll  sensitivity  the  regular  oscillation  charac¬ 
teristic  of  the  smooth  body  is  still  evident.  The  minimum  cross  section  at  about 
9.  5Gc  is  not  substantially  changed,  but  the  maxima  are  increased  (and  perhaps 
displaced),  suggesting  an  enhancement  of  both  contributors.  With  the  same 
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weighting  for  each  point  regardless  of  the  number  of  readings  which  composed 
it,  the  average  values  of  oT/os  for  0°,  45°  and  90°  roll  angles  were  1.2, 

1.5  and  1.3db  respective^.  The  overall  standard  deviation  of  the  ratios  was 
0. 76,  but  nevertheless  some  of  the  cross  sections  differed  from  the  correspon¬ 
ding  smooth  body  values  by  as  much  as  6  db. 

The  Ka-band  measurements  of  the  12-1/2°  half-angle  cone-sphere  were 
confined  to  360°  aspect  patterns  for  different  roll  angles  with  vertical  polari¬ 
zation.  In  the  aspect  range  out  to  the  side  lobes  of  the  specular  flash,  the  re¬ 
turn  corresponding  to  a  smooth  body  was  entirely  swamped  by  contributions 
from  the  roughness', and  other  perturbations.  The  average  increase  in  cross 
section  here  was  of  order  lOdb,  with  individual  maxima  rising  10db  above  this, 
and  the  roll  sensitivity  merely  jiggled  an  already  jumbled  mass  of  peaks.  For 
aspects  greater  than  70°,  however,  the  smooth  body  behavior  was  still  discern¬ 
ible,  with  a  superimposed  structure  which  was  comparable  to  the  roughness 
effect  observed  in  the  sphere  experiments  at  this  frequency. 

VI.  CONCLUSION 

The  theoretical  and  experimental  studies  described  above  strongly  sug¬ 
gest  that  a  high  decree  of  surface  finish  is  not  essential  for  model  scattering 
work.  Of  necessity,  the  investigation  has  been  limited  to  specific  shapes  and 
roughnesses,  but  it  is  believed  that  the  cases  chosen  were  of  sufficient  gener¬ 
ality  to  allow  a  definitive  conclusion  to  be  reached.  In  none  of  these  cases  was 
a  surface  finish  better  than  10"3X  required,  and  we  have  qo  direct  knowledge 
of  any  evidence  to  indicate  that  this  would  not  be  satisfactory  in  all  circumstances. 
Any  imperfections  of  magnitude  10“°  X  should  affect  the  dominant  features  of  a 
back  scattering  pattern  by  only  a  small  fraction  of  a  db,  and  the  ’deep'  minima 
by  no  more  than  a  db  or  so.  A  similar  criterion  for  the  overall  tolerances  should 
be  more  than  adequate. 
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ESTIMATES  OF  THE  'VOLUME'  RETURN  FROM  STYROFOAM* 


T.  B.  A.  Senior  and  E.  F.  Knott 
Radiation  Laboratory,  The  University  of  Michigan 

I.  INTRODUCTION 

Styrofoam  is  a  cellular  material  produced  by  the  extrusion  of  polystyrene 
and  is  by  its  very  nature  inhomogeneous.  Not  only  does  the  refractive  index 
vary  from  unity  (inside  the  cells)  to  2. 55  (the  value  for  polystyrene),  but  in 
addition  the  cell  size,  shape  and  wall  thickness  differ  from  place  to  place  in  a 
manner  which,  for  a  well  chosen  sample  of  material,  appears  to  be  quite  random. 

As  a  direct  consequence  of  these  fluctuations,  the  interior  of  a  sample  will  pro¬ 
vide  a  contribution  to  the  backscattered  field  over  and  above  the  more  regular 
and  predictable  return  associated  with  the  outer  surfaces.  Theoretically  at 
least,  it  is  oxpected  that  the  'volume'  return  will  be  incoherent,  with  a  phase 
which  is  random  from  sample  to  sample  (or  aspect  to  aspect  with  a  single 
sample)  and  an  intensity  which  is  Rayleigh  distributed  and  proportional  to  the 
volume.  It  therefore  represents  the  minimum  to  which  the  effective  cross 
section  of  a  column  of  this  material  could  be  reduced,  and  whereas  the  coherent 
surface  scattering  could  conceivably  be  decreased  to  an  arbitrarily  small  level 
by  shaping  and/or  cancellation,  it  cannot  be  assumed  that  the  volume  return  is 
susceptible  to  these  techniques. 

H.  THEORY 

Theoretical  estimates  of  the  magnitude  of  the  incoherent  scatter  have 
been  made  by  PI  onus1  using  the  concept  of  a  medium  whose  index  of  refraction 
is  a  variable  function  of  position  defined  only  by  a  mean  value  and  a  cor¬ 
relation  function,  and  also  by  assuming  an  aggregate  of  Rayleigh  scatterers. 

When  the  physical  constants  of  a  typical  cellular  material  are  inserted  into  the 
equations,  both  methods  yield  cross  sections  per  m^  in  the  range  10-4  to  lO^m^ 
at  X-band  and  as  an  example  of  the  formulae  obtained  we  have 
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based  oa  the  assumption  of  closely  spaced  spherical  shells  of  mean  radius  a 
and  thickness  t.  V  is  the  volume,  X  the  wavelength  and  (  the  relative  permittivity 
of  polystyrene.  For  the  Dow  Chemical  Company  styrofoam  used  in  the  later 
experiments,  the  cell  wall  thickness  deduced  from  the  density  of  the  material  was 
t=0.009  a.  Visual  inspection  indicated  that  the  average  cell  radius  was  about 
0,05  cm  and  since  e  =  2. 55,  the  cross  section  associated  with  the  incoherent 
return  is 

7.4x10  ^  m^  per  m^  , 

4 

at  10  Gc.  Observe  that  the  right  hand  side  of  (1)  is  inversely  proportional  to  X 
in  accordance  with  the  Rayleigh  scattering  of  the  individual  cells,  so  that  the 
cross  section  decreases  rapidly  with  decreasing  frequency. 


m.  EXPERIMENT 

In  an  attempt  to  measure  the  electrical  properties  of  styrofoam  including  the 
volume  return,  an  experiment  was  undertaken  in  which  the  back  scattering  from 
a  sequence  of  shaped  blocks  was  determined  at  a  series  of  closely  spaced 
frequencies  in  the  X-band  range.  The  scheme  was  to  take  a  large  rectangular 
block  and  measure  its  end-on  cross  section  at  sufficient  frequencies  to  locate 
the  maxima  and  minima  in  the  oscillatory  curve  produced  by  the  interference 
of  the  front  and  rear  returns  as  a  function  of  frequency.  From  this  data,  having 
the  dimensions  of  the  block,  the  permittivity  and  loss  factor  of  the  material 
could  be  deduced.  The  rear  end  of  the  block  was  then  sliced  off  at  such  an  angle 
as  to  remove  the  return  from  it,  leaving  only  the  contribution  from  the  front. 

Apart  from  any  volume  contribution,  the  resulting  values  for  a\2  should  be 
frequency  independent.  Finally,  the  front  of  the  block  was  also  sliced  off,  and 
hopefully  any  residual  return  could  be  attributed  to  incoherent  scatter  alone. 

The  process  was  now  reversed  by  first  squaring  off  the  front  edge,  then 
the  rear  edge,  leading  to  a  sequence  of  blocks  of  three  basic  shapes  but  of 
ever  decreasing  volume.  If  the  scattering  from  the  third  type  of  block  was  due 
only  to  the  volume  effect,  the  average  cross  section  should  decrease  at  the  same 
rate  as  the  volume,  leading  to  an  estimate  of  this  return. 

The  original  parent  block  had  dimensions  5  inches  x  12  inches  x  36  inches 
and  was  cut  from  a  Dow  Chemical  Company  buoyancy  billet.  Care  was  taken  in 
the  selection  of  the  billet  to  ensure  a  piece  whose  cellular  structure  was  as 
uniform  as  possible  and  devoid  of  large  cavities.  The  measurements  were  all 
made  for  normal  incidence  on  the  smaller  face,  using  vertical  polarization  with 
the  12  inch  dimension  lying  in  a  horizontal  plane.  For  the  entire  experiment 
over  100  different  frequencies  in  the  range  8.  5  to  9.  9Gc  were  employed,  but 
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with  any  given  block  the  frequencies  are  limited  to  those  necessary  to  pinpoint  the 
cross  section  versus  frequency  curve.  This  generally  required  only  30  or  so, 
and  at  each  of  them,  several  measurements  were  made  to  minimize  experimental 
error. 

Typical  of  the  results  obtained  are  those  shown  in  Figure  1.  The  sinusoidal 
oscillations  expected  for  the  squared  block  (G)  are  regular  and  well  developed, 
and  from  the  maximum  and  minimum  values  estimates  of  the  dielectric  constant 
and  loss  factors  can  be  deduced.  When  the  rear  was  sliced  off  (block  H)  almost 
the  entire  oscillation  was  suppressed,  and  when  both  ends  were  sliced  (block  J ) 
the  cross  section  was  still  further  reduced.  The  measured  values  were  now  more 
scattered  as  would  be  expected  if  only  the  volume  return  were  present,  with  some 
indication  of  an  increase  in  the  mean  level  with  frequency.  The  average  cross 
section  a  computed  from  this  curve  is  2.  8  x  10'^  m2  per  m^,  which  is  an  order 
of  magnitude  greater  than  the  theoretical  estimate  of  the  volume  return.  Later 
blocks  of  the  same  type  in  the  sequence  gave  1.8  and  1. 2  x  10-2  m2  per  m2  which 
are  somewhat  closer  to  the  predicted  values,  but  more  important  is  the  fact  that 
as  more  data  was  accumulated  a  regular  variation  was  detected  due  apparently  to 
an  interference  between  the  side  lobes  of  the  specular  contributions  from  the  faces. 
Although  the  ends  had  been  cut  at  an  angle  to  the  vertical  corresponding  to  the 
third  minimum  in  the  back  scattering  pattern  from  these  surfaces  at  the  center 
frequency,  it  was  clear  that  their  contribution  was  still  significant  in  comparison 
with  crj ,  and  consequently  the  above  estimates  can  only  be  regarded  as  upper 
bounds  for  the  volume  return. 

An  alternative  approach  was  therefore  tried  based  on  the  use  of  an  ogive  in 
place  of  the  slanted  blocks.  The  ogive  (an  arc  of  a  circle  rotated  about  its  chord) 
was  cut  from  a  similar  piece  of  styrofoam,  with  overall  dimensions  17.2  inches 
by  5. 8  Inches  and  volume  4.  lx  i0“2  m3  j0  minimize  the  return  from  the  sup¬ 
port,  the  ogive  was  suspended  with  fine  cotton  threads  and  its  nose-on  cross 
section  measured  at  a  series  of  X-band  frequencies  for  both  horizontal  and  ver¬ 
tical  polarizations.  Some  of  the  data  obtained  is  presented  in  Figure  2.  The 
values  vary  quite  widely  from  frequency  to  frequency  and  were  often  different  for  the 
two  polarizations,  but  when  averaged  for  each  polarization,  the  mean  values  were 
quite  similar:  6. 1  x  1 0~7m2  for  horizontal  and  6.  9 x  10“^  m2  for  vertical.  The 
accuracy  of  the  measurements  was  better  than  3db  at  the  smaller  values  (-70dbm2) 
and  of  the  order  oi  1  db  at  the  larger  values.  It  was  verified  that  the  return 
from  the  support  threads  was  small  in  comparison  with  the  means. 

Although  there  is  some  evidence  of  a  periodic  variation,  particularly  at 
the  lower  frequencies,  it  is  probable  that  the  above  cross  sections  are  mainly 
due  to  incoherent  scattering  from  the  inhomogeneities  within  the  styrofoam. 

The  estimated  value  for  the  volume  return  is  therefore 

i  r  m"4  2  3 

a  =  1.  Gx  10  m  per  m  , 
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and  some  confirmation  is  provided  by  the  fact  that  when  the  same  ogive  was 
examined  at  S-band  <2. 69  and  2. 87  Gc)  the  return  was  below  the  system 
sensitivity.  This  implies  a  reduction  of  more  than  8  db,  compared  with  the 
theoretically  expected  reduction  of  21  db. 

It  is  hoped  to  measure  other  ogives,  including  ones  of  different  cellular 
material,  in  the  near  future. 
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THE  NEAR  FIE  ID  OF  A  STYROFOAM  CYLINDER* 

T.B.A.  Senior  and  E.  F.  Knott 
Radiation  Laboratory,  The  University  of  Michigan 


I.  INTRODUCTION 

At  the  request  of  the  General  Dynamics  Corporation  a  study  was  under¬ 
taken  explain  an  unusual  scattering  effect  observed  when  a  sphere  was  mounted 
on  a  long  styrofoam  cradle.  The  nature  of  this  effect  can  be  seen  from  Figure  1. 
The  cradle  was  here  a  circular  cylinder  6  inches  in  diameter  and  43  1/2  inches 
in  length,  with  ends  at  right  angles  to  the  axis,  and  was  milled  from  a  Dow 
Chemical  Company  buoyancy  billet.  To  support  a  sphere  in  a  stable  manner, 
a  saucer-shaped  depression  was  cut  into  the  surface  to  a  maximum  depth  of  1  inch. 
The  diameter  <at  the  surface)  was  approximately  3  1/2  inches  and  the  lip  was  some 
3  inches  from  one  end  of  the  cylinder.  A  metal  sphere  of  diameter  3. 935  inches 
was  now  placed  in  the  hollow  and  the  back  scattering  cross  section  measured  as 
a  function  of  the  rotation  angle  6  of  the  entire  assembly  in  the  horizontal  plane, 
where  0  =  180°  is  the  aspect  at  which  the  sphere  was  furthest  from  the  trans¬ 
mitter.  The  results  for  horizontal  polarization  at  9. 3  Gc  are  shown  in  Figure  1 . 

Apart  from  aspects  within  about  20°  of  180°,  the  cross  section  is  almost 
independent  of  aspect  and  differs  by  less  than  1  db  from  that  appropriate  to  the 
sphere  alone.  As  6  increases  beyond  160°,  however,  the  net  return  begins  to 
oscillate  with  a  period  of  approximately  7°  about  a  level  which  falls  rapidly  to 
a  minimum  some  16  db  below  the  free  space  return  from  the  sphere.  This 
behavior  appears  to  be  independent  of  polarization  and  is  similar  to  that  pre¬ 
viously  found  by  the  General  Dynamics  Corporation  using  a  larger  sphere  and 
a  cradle  of  somewhat  more  complicated  shape.  On  the  other  hand,  when  the 
sphere  was  raised  7  inches  above  the  cradle,  no  reduction  in  the  cross  section 
near  to  6  =  180°  was  found. 

It  is  obvious  that  these  effects  are  of  major  importance  in  the  design  of 
target  support  pedestals,  and  an  understanding  of  their  origin  is  therefore 
essential.  Several  possible  mechanisms  were  examined  and  in  the  light  of  this 
study  it  was  concluded  that  only  an  amplitude  anchor  phase  disturbance,  confined 
to  the  immediate  vicinity  of  the  surface  and  increasing  wdth  the  length  of  styrofoam 
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over  which  the  field  has  travelled,  could  suffice  to  explain  the  observations . 
Direct  measurement  of  the  amplitude  and  phase  of  the  field  near  to  a  styrofoam 
cylinder  have  since  confirmed  the  existence  of  a  disturbance,  and  it  is  the 
purpose  of  this  paper  to  detail  the  results. 

O.  METHOD 

The  measurements  discussed  here  were  carried  out  with  the  styrofoam 
cylinder  described  in  Section  I.  For  the  early  ones  the  frequency  was  9. 2Gc, 
and  these  were  made  before  the  saucer-shaped  depression  was  cut  into  the 
surface.  Subsequently,  however,  the  frequency  was  increased  to  9.  3Gc.  This 
was  used  for  all  the  work  on  the  cut  cylinder,  and  to  minimize  the  effect  of  the 
depression  on  the  near  field  measurements,  the  cylinder  was  placed  on  the 
support  pedestal  with  the  hollow  on  the  side  opposite  to  that  being  probed. 

The  probe  traverses  were  in  a  horizontal  plane  at  several  stations  along  the 
side  of  the  cylinder.  The  illumination  was  at  end-on  incidence  from  a  horn 
situated  15  feet  (approx.  >  from  the  mid-point  of  the  cylinder  using  vertical 
polarization. 

A  sketch  showing  a  plan  view  of  the  experimental  components  is  given 
in  Fig.  2.  A  receiving  dipole,  1.51  cm  long,  was  attached  to  a  rigid,  hori¬ 
zontal  coaxial  line  1/3  inch  in  diameter  and  22  inches  in  length.  The  output 
was  fed  to  one  of  the  symmetrical  arms  of  a  hybrid  tee  through  a  section  of 
flexible  RG-SytJ  coaxial  cable,  and  based  on  a  few  trial  positions  of  the  cable, 
it  is  estimated  that  flexing  introduced  no  more  than  5°  of  phase  shift. 

The  illuminating  antenna  waB  fed  by  a  suitably-padded  cavity-stabilized 
oscillator.  Some  of  the  energy  was  sampled,  and  passed  through  attenuators 
and  a  phase  shifter  to  the  other  symmetrical  arm  of  the  hybrid  tee,  after 
which  the  sum  of  this  signal  and  the  one  from  the  dipole  was  detected  and  fed 
to  a  superheterodyne  receiver.  The  amplitude  of  the  received  signal  at  its 
highest  was  50  to  60  db  below  that  delivered  to  the  illuminating  antenna.  The 
amplitude  and  phase  were  obtained  by  adjusting  the  attenuators  and  phase 
shifter  in  the  symmetrical  arm  of  the  tee  for  a  null  at  the  receiver,  and  could 
be  read  directly  from  these  devices. 

All  the  hardware  was  shielded  by  a  2  inch  thick  barrier  of  hairflex.  The 
operator  of  the  equipment  was  likewise  shielded,  as  was  the  wooden  framework 
which  supported  the  coaxial  line  feed  from  the  dipole. 

UI.  PROCEDURE 

In  the  initial  experiment  the  probe  was  traversed  in  a  radial  direction 
at  three  selected  stations  along  the  length  of  the  cylinder,  corresponding  roughly 
to  the  two  ends  and  the  mid-point.  The  actual  distances  d  of  these  stations 
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from  the  front  end  were  2,  22  and  42  Inches,  and  at  each  location  the  field  was 
measured  at  a  variety  of  different  radii  starting  at  1/8  inch  above  the  surface 
(r  =  3  1/B  inch,  where  r  is  the  distance  from  the  axis)  and  continuing  out  to 
r  =  14  1/8  or  15  ly8  inch. 

To  provide  some  basis  for  ccmparison,  most  of  the  measurements  were 
repeated  without  the  cylinder  in  place,  but  since  the  main  purpose  of  the  work 
at  this  stage  was  to  confirm  the  capability  of  the  probe  technique,  no  attempt 
was  made  to  achieve  common  amplitude  and  phase  calibration  with  and  without 
the  cylinder  present.  It  was  not  possible,  therefore,  to  deduce  the  amplitude 
and  phase  of  the  scattered  field  from  a  comparison  of  the  total  and  incident  field 
data  without  additional  information,  and  in  this  connection  we  remark  that  a 
change  of  station  of  only  0.  6  inches  between  the  two  cases  would  change  the  phase 
by  180°.  Nevertheless,  the  marked  differences  in  the  shape  of  the  curves  after 
the  cylinder  was  introduced  were  sufficient  to  show  the  existence  of  a  relatively 
large  perturbation,  and  as  this  appeared  to  increase  with  distance  from  the  front 
end  of  the  cylinder,  additional  measurements  were  made  at  two  stations  13  1/4 
and  21  inches  beyond  the  cylinder.  These  will  be  discussed  later. 

At  the  conclusion  of  the  above  work,  a  depression  was  cut  into  the  cylinder 
to  support  a  metal  sphere  for  the  back  scattering  experiment,  but  the  interesting 
and  challenging  nature  of  the  near-field  results  demanded  a  renewal  of  this 
study.  The  frequency  was  now  increased  to  9.  3Gc,  and  to  ensure  accurate  and 
uniform  calibration,  the  following  procedure  was  adopted.  At  each  station, 
measurements  were  carried  out  with  the  cylinder  present  starting  1/8  inch 
above  the  surface  and  going  out  to  the  furthest  desired  distance.  The  cylinder 
was  then  removed  with  the  probe  left  untouched,  after  which  the  incident  field 
was  sampled  as  the  probe  retraced  its  original  path.  To  determine  the  extent 
to  which  such  data  was  repeatable,  the  measurements  at  one  station  were 
reinforced  with  incident  field  values  taken  as  the  probe  was  moved  out  again 
to  its  maximum  distance.  The  average  amplitude  discrepancy  was  a  mere 
0.  04  db,  and  though  the  phase  differences  were  somewhat  larger,  averaging  3°, 
this  was  mainly  due  to  a  single  15°  change  at  one  point. 


IV.  RESULTS 

Incident  and  total  field  data  at  the  middle  station  for  which  d  =  22  inches 
is  presented  in  Figures  3  and  4  respectively,  and  the  analogous  results  for  a  far 
station  (d  =  41-1/2  inches)  are  given  in  Figures  5  and  6.  Since  the  amplitude  and 
phase  scales  are  now  the  same  for  both  fields,  the  graphs  can  be  compared 
directly  and,  if  required,  the  scattered  field  deduced. 

Taking  first  the  incident  field  measurements  at  the  two  stations,  the 
general  trends  of  the  amplitude  and  phase  curves  are  reasonably  consistent 
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with  a  planar  intersection  of  a  spherical  wave  pattern  originating  some  15  to  17 
feet  away.  What  small  variations  there  are,  are  almost  certainly  due  to  the 
support  pedestal  and/or  to  room  reflections,  and  we  observe  that  the  amplitude 
seems  to  vary  a  little  more  at  the  far  station  (behind  the  pedestal)  than  it  does 
at  the  middle  station  where  the  pedestal  is  located. 

The  effect  of  introducing  the  cylinder  can  be  seen  by  comparing  Figures  3 
and  4,  5  and  6.  For  d  =  22  incheu  the  regular  decrease  in  phase  as  the  probe 
approaches  the  surface  is  arresced  some  2  inches  away  and  thereafter  the  phase 
increases  rapidly.  This  turn-over  is  accompanied  by  a  dip  in  the  amplitude 
curve  which  is  apparent  even  out  to  a  distance  of  3  Inches  from  the  surface,  but 
is  centered  about  1  to  1  \J2  inches  away.  Such  perturbations  are  even  more 
apparent  at  the  far  station.  The  phase  of  the  total  field  changes  by  over  100° 
within  the  first  two  inches  from  the  surface  and  there  is  some  evidence  of  a 
levelling  of  the  curve  as  the  probe  makes  its  nearest  approach.  We  remark 
in  passing  that  later  measurements  of  the  field  with  a  cylinder  57  1/4  inches 
long  (probe  station  50  inches  from  the  front)  have  shown  that  the  phase  does 
indeed  remain  constant  very  close  to  the  surface.  The  radial  extent  of  this 
platform  increases  with  d,  confining  the  phase  swing  to  a  smaller  and  smaller 
radial  span. 

Perhaps  more  striking  is  the  amplitude  behavior  when  d  =  41  1/2  inches. 
The  dip  observed  in  Figure  4  is  accentuated  in  Figure  6.  Its  depth  has  increased 
to  about  12  db  and  since  the  width  is  less,  the  position  of  the  minimum  ampli¬ 
tude  can  be  located  at  almost  precisely  1  inch  above  the  surface.  At  distances 
less  than  this  the  amplitude  increases,  and  has  almost  achieved  the  incident 
field  value  by  the  time  the  probe  gets  to  1/8  inch  from  the  surface. 

A  comparison  of  the  incident  and  total  field  data  also  shows  that  as  r 
increases  beyond  the  position  of  the  minimum  the  two  fields  approach  one 
another.  At  all  the  stations  examined  the  differences  were  negligible  for  r 
greater  than  (about)  10  inches  and  consequently,  whatever  the  true  origin  of 
the  scattered  field,  its  influence  Is  restricted  to  the  first  few  wavelengths 
from  the  surface.  This  is  in  accordance  with  the  conclusion  reached  from  the 
experiment  conducted  by  the  General  Dynamics  Corporation  in  which  the  sphere 
was  raised  above  the  cradle,  and  suggests  that  the  scattered  field  is  some  form 
ol  surface  wave.  It  also  enabled  us  to  resurrect  the  earlier  measurements  of 
the  near  field  by  introducing  a  calibration  based  on  the  equality  of  the  incident 
and  total  fields  for  r  >  10  inches.  Such  calibration  confirmed  that  the  scattered 
field  at  the  forward  station  (d  =  2  inches)  was  insignificant,  a  fact  which  was 
otherwise  obvious  from  the  complete  identity  of  the  curves  with  and  without 
the  cylinder  in  place.  It  is  therefore  unnecessary  to  present  the  data. 
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At  stations  beyond  the  cylinder,  however,  the  results  are  more  interesting, 
and  for  d  =  56-3/4  inches  the  incident  and  total  field  data  is  given  in  Figures  7 
and  8,  with  the  analogous  results  for  d  =  64-1/2  inches  in  Figures  9  and  10.  Note 
that  the  frequency  is  here  9, 2  Gc,  and  that  the  calibration  has  been  based  on  the 
assumed  equality  of  the  fields  for  r  =  11  and  12  inches.  Bearing  in  mind  that 
the  measurements  now  go  down  to  r  =  0,  the  incident  field  values  are  similar  to 
those  found  at  stations  along  the  cylinder.  The  total  field,  on  the  other  hand, 
does  show  some  differences.  The  phase  decreases  uniformly  with  r,  changing 
rapidly  for  r  between  6  and  4  inches,  and  tapering  off  as  the  probe  enters  into 
the  shadow  region.  There  is  no  longer  the  turn-over  characteristic  of  the  measure¬ 
ments  at  d  =  22  and  41  l/2  inches.  The  minima  in  the  amplitude  curves  are 
deeper  than  before  (about  15  db  instead  of  12)  and  occur  at  a  somewhat  greater 
radius,  though  the  precise  location  is  difficult  to  determine  because  of  the  radial 
separation  of  the  probe  positions.  For  r  less  than  about  5  inches,  the  amplitude 
increases,  rapidly  at  first  but  more  slowly  within  the  shadow,  and  achieves  a 
value  some  6  to  8  db  greater  than  the  incident  field  on  the  continuation  of  the 
axis.  No  important  differences  in  behavior  at  d  =  56  3/4  and  64  1/2  inches  are 
apparent,  and  the  most  that  can  be  detected  from  the  total  field  data  is  r.  slight 
tendency  for  the  radial  distance  of  the  minimum  to  increase  with  d. 

Knowing  the  amplitude  and  phase  of  the  incident  and  total  fields,  it  is  a 
trivial  matter  to  deduce  the  scattered  field.  For  the  two  stations  along  the  length 
of  the  cylinder,  the  results  normalized  relative  to  the  incident  field  values,  are 
shown  in  Figures  11  and  12.  The  rapid  and  possibly  exponential  attenuation  of 
the  field  in  the  radial  direction  is  now  obvious,  and  both  the  surface  value  and 
the  rate  of  attenuation  increase  with  d.  For  r  >  8  inches  the  ratio  of  the  incident 
and  total  field  amplitudes  is  so  close  to  unity  that  small  errors  in  the  measured 
data  (primarily  of  phase)  produce  quite  sizable  effects  on  the  scattered  field 
values,  and  at  least  some  of  the  behavior  at  r  =  7  and  8  inches  may  also  be 
attributable  to  this.  Nevertheless,  the  startlingly  different  character  of  the  phase 
curves  at  d  =  22  and  41  1/2  inches  is  believed  genuine.  At  the  middle  station, 
the  phase  remains  constant  for  the  first  two  inches,  and  then  decreases  slowly, 
whereas  at  the  far  station  the  phase  increases  almost  uniformly  out  to  the  largest 
distance  at  which  data  is  available.  It  may  be  pertinent  that  the  difference  in  the 
phase  velocities  in  styrofoam  and  free  space  would  create  a  phase  lag  of  115°  at 
the  middle  station  and  218°  at  the  far  one,  and  on  this  basis  the  results  for  d  -  22 
inches  might  be  expected  to  resemble  those  1  j  d-'52  inches  rather  than  41  1/2 
inches.  Measurements  at  d  =  50  inches  made  with  the  longer  cylinder  have 
indeed  shown  that  the  scattered  field  phase  is  once  again  constant  for  the  first 
inch  or  so,  and  then  increases. 

At  the  two  stations  beyond  the  cylinder  the  derived  values  for  the  scattered 
field  are  given  in  Figures  13  and  14.  The  results  are  quite  similar.  At  the  nearer 
station  the  amplitude  decreases  steadily  from  a  (relative)  value  of  3.0  at  r  =  0 
and  is  negligible  for  r>10  inches.  The  phase,  on  the  other  hand,  increases  after 
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Figure  14:  Relative  Amplitude  (•)  and  Phase(o)  of  Scattered  Field  for 
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an  initial  fall,  but  appears  to  decrease  sharply  beyond  r  -  9  inches.  It  is  not 
known  if  this  effect  is  real,  although  it  does  occur  at  the  further  station  as  well. 
The  amplitudes  here  are  fractionally  less  than  for  d  -  56  2/4  inches,  and  show 
a  slight  increase  as  the  pi'obe  moves  away  from  r  -  0.  Outside  the  optical 
shadow  of  the  cylinder  both  sets  of  curves  are  not  unlike  those  of  Figure  12  in 
general  character,  which  suggests  that  the  perturbation  simply  launches  itself 
into  space  when  the  cylinder  terminates. 

V.  CONCLUDING  REMARKS 

In  an  attempt  to  explain  the  above  results,  two  different  theoretical  studies 
have  been  undertaken.  Since  the  scattered  field  at  any  point  is  almost  certainly 
affected  by  the  progressive  phase  lag  between  a  wave  attempting  to  propagate 
down  the  cylinder  and  the  incident  field  streaming  past  the  outside,  the  simple 
problem  of  a  source  placed  above  a  flat  styrofoam  medium  was  considered.  This 
is  analogous  to  the  problem  of  propagation  over  a  flat  earth,  but  instead  of  the 
pole  which  is  responsible  for  many  features  of  the  solution  when  the  refractive 
index  n  is  large  and  complex  (the  usual  case),  the  dominant  singularity  for  n 
almost  real  and  near  to  unity  is  a  branch  point.  As  a  consequence  of  this,  the 
region  where  the  diffraction  effects  are  important  is  stretched  out  in  directions 
parallel  to  the  surface,  and  there  the  total  field  has  a  sinusoidal  behavior,  with 
maxima  and  minima  whose  magnitude  and  position  are  determined  by  (n  -  l)d, 
where  d  is  the  horizontal  distance  from  the  source. 

Of  more  immediate  application  to  the  physical  problem  is  an  investigation 
of  the  surface  or  Goubau  waves  which  could  be  supported  by  a  cylinder  of  this 
size  and  material.  This  is  currently  in  progress,  and  it  is  hoped  to  model  the 
experimental  set-up  by  considering  a  styrofoam  cylinder  of  infinite  length  excited 
by  a  circumferential  ring  source.  Until  such  time  as  more  information  is  obtained 
about^fhe  scattered  field  either  by  analyses  of  this  type  or  by  more  experimental 
work,  it  is  premature  to  attempt  a  detailed  interpretation  of  its  influence  of  the 
far  zone  scattering  pattern  o L  an  object  placed  on  the  cylinder,  but  it  is  clear 
that  the  magnitude  of  the  perturbation  is  quite  sufficient  to  explain  results  such 
as  those  shown  in  Figure  1. 

It  is  equally  obvious  that  the  existence  of  a  large  surface  wave  has  an 
important  bearing  on  the  design  of  support  pedestals  for  cross  section  measure¬ 
ments,  and  the  cross  section  of  the  pedestal  itself  is  not  necessarily  an  indi¬ 
cation  of  the  effect  that  it  will  have.  Since  the  intensity  of  the  wave  apparently 
increases  with  the  length  of  styrofoam  over  which  it  has  travelled,  it  is  essential 
to  keep  to  a  minimum  the  diameter  of  the  upper  portions  of  the  pedestal.  The 
shaping  of  the  upper  surface,  leading  to  an  effective  immersion  of  part  of  the 
target  within  the  styrofoam,  should  be  as  little  as  possible  consistent  with  the 
required  stability,  and  this  is  particularly  vital  for  such  bodies  as  the  cone-sphere 
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where  a  dominant  contributor  to  the  cross  section  is  a  surface  wave.  It  may 
well  be  that  for  the  measurement  of  heavy  low-observable  shapes,  the  design 
of  a  styrofoam  support  with  an  acceptable  surface  field  perturbation  is  more 
difficult  than  the  construction  of  one  with  a  small  enough  cross  section. 
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MODELING  OF  RAM-COVERED  COMPLEX  BODIES 
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ABSTRACT 

It  can  be  shown  that  scaling  of  complex  bodies  covered  with  lossy 
materials  may  be  possible  with  materials  having  parameters  somewhat 
different  from  those  used  on  the  full-scale  model,  provided  that  the 
experimenter  can  immerse  the  model  in  a  medium  with  permittivity 
greater  than  free  space  and  adjust  the  permittivity  of  the  materials  on 
the  model  by  the  same  factor  over  that  of  the  full-scale  model. 

INTRODUCTION 

Both,  from  the  point  of  view  of  defense  and  offense  at  least  an 
approximate  value  of  the  radar  cross  section  versus  aspect  angle  of 
complex  bodies  covered  by  RAM  materials  is  essential.  The  most 
desirable  approach  would  be  to  compute  the  radar  cross  section  of 
such  objects.  Unfortunately,  even  the  slightest  deviation  from  the 
simple  figures  of  revolution  represent  a  formidable  theoretical 
problem  when  covered  with  a  lossless  dielectric.  The  next  best 
approach  is  to  measure  the  radar  cross  section  on  a  model  scale, 
preferably  at  X-or  K-  band  in  an  indoor  anechoic  chamber.  The 
scaling  principle  here  is  quite  straightforward;  linearly  scale  all 
physical  dimensions,  but  preserve  «  and  p.  Here  the  experimenter 
is  faced  with  a  materials  problem.  Since  complex  t  and  complex  |j. 
are  generally  monotonically  decreasing  functions  with  increasing 
frequency,  the  materials  developed  for  the  full-scale  model  do  not 
lend  themselves  for  the  use  at  the  model  frequency.  This  would  imply 
a  serious  materials  development,  at  least  comparable  to  that  of 
obtaining  the  original  material  used  or  to  be  used  on  the  full-scale 
model.  It  is  doubtful  that  the  magnitudes  of  p1,  (*",  «'  and  t"  over 
the  range  needed  can  be  obtained.  However,  if  a  reasonable  range 
of  values  of  these  materials  can  be  obtained,  it  is  conceivable,  if  the 
experimenter  is  not  restricted  to  free  space  as  the  medium,  that 
scaling  with  materials  having  parameters  somewhat  different  from 
those  on  the  full-scale  model  may  be  used. 
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It  is  clear,  of  course,  that  the  reflection  coefficient,  or  the  scat¬ 
tering  coefficient,  at  a  given  frequency  is  uniquely  determined  by  the 
geometry  and  the  materials.  Conversely,  there  is  an  unlimited  number 
of  geometries  and  materials  that  could  give  the  identical  reflection  or 
scattering  coefficient.  Lacking  a  theoretical  capability  of  computing 
the  radar  cross  section  of  complex  bodies  covered  with  RAM  materials, 
the  problem  of  obtaining  a  geometry  and  materials  that  will  give  a 
representative  description  of  the  full-scale  model  is  formidable  indeed; 
however,  one  may  infer  a  great  deal  from  the  simple  geometries. 

A  study  of  the  exact  expressions  for  reflectivity  from,  a  stratified 
planar  medium  and  for  scattering  from  a  set  of  concentric  cylindrical 
shells  about  a  perfectly  conducting  cylindrical  core  will  give  insight  as 
to  the  probability  of  successfully  modeling  with  material  parameters 
different  from  those  on  the  full-scale  model. 

PLANAR  MEDIUM 


Let  us  consider  first  the  planar  medium  at  normal  incidence  con¬ 
sisting  of  N  layers,  each  homogeneous  in  t  and/or  p,  backed  by  a 
perfectly  conducting  plane  sheet.  The  reflection  coefficient  R  is  given 
by:  1 
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Now  let  the  superscript  "s"  relate  to  the  model  scale  parameters. 
The  standard  scaling  criteria  for  a  scale  model  frequency  f8  such  that 
f  =  pfs  requires: 

S  8  ,  8 

M  =  P  .  «  =  <  .  and  t  =  pt. 
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Basically,  to  satisfy  equation  (2),  it  is  merely  required  that 

K8  t  3  =  K  t  ,  and  (3) 
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throughout. 

Now  assume  that  it  is  possible  to  obtain  materials  such  that 
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with  q j  and  q^  real  positive  numbers,  it  is  readily  seen  that 
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will  give  an  exact  scale  model  at  the  frequency  |f 
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and  Z  =\  -  will  satisfy  equation  (2). 


‘Phis  then  requires  that  the  model  be  immersed  in  a  medium  having  a 
permeability  q  and  a  permittivity  q^e^.  If.  however,  c  s  can  be 
chosen  such  that  q  >  q^,  immersing  the  model  in  a  medium  with 
permeability  ana  permittivity  q^<  /q^  will  satisfy  equation  (2).  This 
therefore  requfres  for  example  that^he  antenna  and  the  model  be  im¬ 
mersed  in  an  anechoic  chamber  filled  with  a  suitable  substance  having 
a  relative  permeability  q^/q^. 

CYLINDRICAL  MEDIUM 

It  is  of  interest  to  examine  the  scaling  conditions  developed  for 
the  planar  medium  as  they  apply  to  the  infinite  cylindrical  medium. 

For  the  sake  of  brevity,  the  discussion  will  be  restricted  to  normal 
incidence  and  the  electric  vector  parallel  to  the  plane  of  incidence. 

The  normalized  radar  cross  section  S  is  given  by 
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R  radius  of  the  boundaries  of  the  layers 

with  R  ,  the  total  radius,  and  R  ,  the 
radius  of  the  cylindrical  perfectly  con  - 
ducting  core,  and  pm,  <m  and  f  as  pre¬ 
viously  defined. 


Now  for  m  =  M 
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hence,  starting  at  t^e  metallic  core  and  applying  equation  (7),  Cn 
is  obtained,  then  C  etc.  to  ,  with  finally  obtained  from  the 

following  relationship: 
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Here  again  the  classical  scaling  criteria  for  f  =  pf  requires 
that: 
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and  hence  equation  (5)  is  satisfied. 
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However,  equation  (8),  relating  C  to  C  °  is  not  satisfied  unless  u  c 

..  n  n  o 

^  s 

is  replaced  by  ♦A0€o<l  to  satisfy  the  requirement  that  R^  -pR  / q.  This, 

unlike  the  planar  medium  for  this  case,  requires  immersion  in  a 
medium  with  permittivity  or  permeability  p  times  that  of  free  space, 

2.  i, 

M  1 

C  to  C  are  satisfied  by: 
n  n 

u8  =  q.u  ,  «S  =  q,t  ,  and  R8  =  pR  //q.q. . 
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Here  again,  to  satisfy  equation  (8),  it  is  required  that  (it  be  replaced 
by  q,H  q7«  and  for  q  <q  the  immersing  medium  could  consist  of  a 

LOCO  u  L 

relative  permittivity  q^/q^  >  1-0. 

Although  this  discussion  has  been  restricted  to  normal  incidence,  v 

it  is  readily  shown  that  these  results  also  apply  to  oblique  incidence 
by  demonstrating  that  the  scaled  paramet^r^  satisfy  the  scattering 
coefficients  and  hence  the  scattered  field. 

CONCLUSIONS 

In  the  event  that  the  complex  permeability  and  complex  permittivity 
of  materials  on  a  full  scale  model  cannot  be  satisfactorily  reproduced 
at  the  higher  model  frequency,  it  may  be  possible  to  scale  lossy 
materials  provided  one  can  obtain  a  magnetic  material  having  approxi¬ 
mately  the  same  tan6  of  the  scale  model  frequency  as  at  the  full  scale 
and  can  properly  adjilst  the  dielectric  loading  to  satisfy  the  scaling 
criteria  given  above. 
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